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ABSTRACT
Vaughn, Ashlee Anne. Ph.D. The University of Memphis. December 2011. Sperm
Allocation and Sociosexual Behavior in Meadow Voles. Major Professor: Michael H.
Ferkin.
Meadow voles, Microtus pennsylvanicus, are microtine rodents that inhabit
grasslands in the temperate zone of northeastern and central North America. During the
breeding season, males inhabit large overlapping home ranges that encompass the
territories of one or more females. Males and females are promiscuous and males
compete with other males for mating opportunities with females. The threat of this
competition varies depending on the presence of a rival, the number of rivals, and the
quality of a rival. Male and female meadow voles scent mark and conspecifics use the
information contained in these scent marks to locate potential mates and rivals. A
strategy male voles use is to assess and respond to the scent marks of other males near a
receptive female and modify their behavior and responses accordingly. My research
examined the response of male meadow voles in terms of sperm allocation, selfgrooming and sociosexual behavior, and response to females in different reproductive
conditions. I found that males tailor their sperm allocation strategically when they
encounter the scent marks of males that differ in quality relative to themselves.
Specifically, the nutritional status of male scent donors affected the sperm allocation of
male voles. I also examined self-grooming; a behavior that voles use to signal their
interest in the opposite-sex. I found that the amount of time male voles self-groomed was
not affected by the risk or intensity of sperm competition, but was affected by whether it
occurred before, during, or after copulation. I also found that other sociosexual behaviors
displayed by male voles varied with their occurrence in the mating bout. Sociosexual
behaviors coordinate interactions between the opposite sexes and the pacing of the
iii

mating bout. Lastly, I found that males display some aspects of mate copying, preferring
females with more male suitors than fewer male suitors. The social and sexual behavior
of male voles allows them to find mates while competing with rival males.
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PREFACE
The goal of my research was to examine sperm allocation and sociosexual
behaviors in meadow voles. Meadow voles, Microtus pennsylvanicus, are an ideal
species to use for these studies because of their natural history and mating system. Voles
use scent marks to indicate their presence to attract mates and deter same-sex
conspecifics. Meadow voles also mate multiply, however the variance in reproductive
success is skewed and depends on a male’s ability to mate with several females and the
ability of his sperm to compete with that of other males. Males adjust their sperm
allocation and their preferences for females depending on the number of rival males
present and their relative condition. My dissertation examined how males responded to
same-sex conspecifics. I am the primary author on all of these co-authored manuscripts.
Chapter 1 (Introduction) has been formatted according to journal Behavioral Ecology.
Chapter 2 (Sperm investment in male meadow voles is affected by the condition of the
nearby male conspecifics) has been published in journal Behavioral Ecology (Vaughn et
al. 2008). Chapter 3 (Re-feeding food-deprived male meadow voles affects their sperm
allocation) has been submitted and is currently under review at Behavioral Ecology.
Chapter 4 (Self-grooming by male meadow voles differs across copulation but is not
affected by the risk and intensity of sperm competition) has been published in the journal
Behaviour (Vaughn et al. 2010). Chapter 5 (The duration of sociosexual behaviors in
male meadow voles Microtus pennsylvanicus varies before, during, and after copulation)
has been published in the journal Current Zoology (Vaughn et al. 2011). Chapter 6 (The
presence and number of male competitor’s scent marks and female reproductive state
affect the response of male meadow voles to female conspecifics’ odours) has been
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published in the journal Behaviour (Vaughn & Ferkin 2011). Chapter 7 (Conclusion) has
been formatted according to journal Behavioral Ecology.
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Chapter 1: Introduction
Sperm competition occurs when two or more males copulate with a particular
female during the same reproductive cycle, and their sperm compete to fertilize the
female’s available eggs (Smith 1984; Birkhead and Møller 1998; Birkhead 2000;
Simmons 2001). There are more than 95% of mammalian species that show some degree
of promiscuity (Kleiman 1977), and sperm competition has been found to be prevalent in
mammals (Ginsberg and Huck 1989; Gomendio et al. 1998). The frequent occurrence of
sperm competition may have forced males to develop different strategies to reduce the
risk of displacement of their own sperm by competing males, and to displace or
overcome the sperm of competing males (Huck et al. 1985).
The aim of the Chapter 2 was to determine whether males assess differences in
the relative quality of competing males and adjust their sperm investment accordingly.
We selected males that were not food deprived and males that were food deprived as odor
donors to represent differences in their relative quality and resultant risk of sperm
competition. Recent work has reported that food-deprived male voles may be of “lower
quality” relative to males that were not food deprived (Pierce and Ferkin 2005). Thus,
males that are food deprived may produce odors or scent marks that are associated with a
decreased risk of sperm competition, whereas odors or scent marks from males that were
not food deprived may represent a higher risk of sperm competition.
In Chapter 3, we determined how long it took males that had been food deprived
for 24 h and then re-fed to cause stud males to increase their sperm allocation when they
encountered their scent marks at the nest of a female conspecific. We predicted that male
voles exposed to the scent marks of these re-fed males would have sperm allocations

1

similar to those of male voles exposed to the scent marks of males that were not
previously food deprived.
A goal of Chapter 4 was to determine whether the self-grooming behavior of male
voles varies with the risk and intensity of sperm competition. We tested the hypothesis
that the presence of scent marks of other males near a sexually receptive female affects
the self-grooming behavior of males that encounter those marks. A related goal of study
was to determine if the amount of time and the pattern of self-grooming male voles
performed before, during, or after coitus differed by their perceived risk and intensity of
sperm competition. We characterized these periods surrounding and including coitus as
the pre-copulatory, peri-copulatory, and post-copulatory phases, respectively. We tested
this hypothesis by measuring the amount of time male voles spent self-grooming before,
during, or after copulation and whether the body regions they self-groomed differed.
Sociosexual behaviors are used by individuals to attract, show interest in, and
mate with opposite-sex conspecifics (Beach 1976). Sociosexual behaviors are likely to
be involved in coordinating male-female interactions (Beach 1976; Soini 2005). In
Chapter 5, we tested the hypothesis that the duration of sociosexual behaviors differs
during the pre-copulatory, peri-copulatory, and post-copulatory phases of the mating
bout. We predicted that the behaviors that facilitate interactions with females, such as
naso-nasal approaches would occur with the greatest duration during the pre-copulatory
phase. During the peri-copulatory phase, behaviors that sustain contact and facilitate
coitus, such as naso-anogenital approaches, allogrooming, wrestling, chasing, and time
spent together, should have increased in duration. During the post-copulatory phase,
there should be a reduction in the duration of sociosexual behaviors, which along with no
coitus may indicate the end of the copulatory bout.
2

Many terrestrial mammals use scent marks to convey information about their
sexual condition and signal their willingness to mate with opposite-sex conspecifics
(Johnston 1983; McClintock 2002; Roberts 2007). In doing so, males may visit a
sexually receptive female conspecific and encounter the scent marks of males that have
also visited her (Thiessen and Rice 1976; Brown and Macdonald 1985). Males may use
this social information, particularly from the presence of scent marks of other males, to
assist them in selecting females as mates (Valone and Templeton 2002; Valone 2007). In
Chapter 6, we determined whether males use social information conveyed by the
presence of scent marks of other males to affect the amount of time that they spend
investigating the scent marks of potential mates. We tested three hypotheses to determine
how male meadow voles respond to females that have the scent marks of males adjacent
to their scent mark. The first hypothesis is males will spend less time investigating the
scent mark of a female that has more scent marks of male conspecifics adjacent to it
compared to that of a female that has fewer scent marks of male conspecifics adjacent to
it. The second hypothesis is the converse of the first hypothesis. The third hypothesis is
males will spend more time investigating the scent mark of a PPE female than that of
sexually receptive female that was not in PPE, a reference female (REF female),
independent of the number of scent marks of other males adjacent to them. We tested
these hypotheses by exposing male voles to the scent mark of a PPE female and that of a
REF female; the scent marks of these two female scent donors had the scent marks of 0, 1
or 5 males adjacent to them.

3
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Chapter 2: Sperm investment in male meadow voles is affected by the condition of the
nearby male conspecifics

ABSTRACT
Sperm competition occurs when two or more males copulate with a particular
female during the same reproductive cycle, and their sperm compete to fertilize the
female’s available eggs. One strategy that male voles use to assess the risk and intensity
of sperm competition involves responding to the presence of scent marks of conspecific
males found near a sexually receptive female. Previously, we have shown that if a male
vole copulated with a female while he was in the presence of the odors of another male
he increased his sperm investment relative to his investment if another male’s odors were
not present. The aim of the present study was to test the hypothesis that males assess
differences in the relative quality of competing males and adjust their sperm investment
accordingly. We did so by allowing males to copulate when they were exposed to the
scent mark of a 24-h food-deprived male (low-quality male) or the scent mark of a male
that was not food deprived (high-quality male). The data indicate that male meadow
voles did not increase their sperm investment during copulation when exposed to the
scent mark of a food-deprived male, but did so when they were exposed to the scent mark
of a male that was not food deprived. The results support the hypothesis that male voles
are able to adjust sperm investment when they encounter the scent marks of males that
differ in quality.
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INTRODUCTION
Sperm competition occurs when two or more males copulate with a particular
female during the same reproductive cycle, and their sperm compete to fertilize the
female’s available eggs (Smith 1984; Birkhead and Møller 1998; Birkhead 2000;
Simmons 2001). There are more than 95% of mammalian species that show some degree
of promiscuity (Kleiman 1977), and sperm competition has been found to be prevalent in
mammals (Ginsberg and Huck 1989; Gomendio et al. 1998). The frequent occurrence of
sperm competition may have forced males to develop different strategies to reduce the
risk of displacement of their own sperm by competing males, and to displace or
overcome the sperm of competing males (Huck et al. 1985). One strategy for
overcoming the sperm of other males is by adjusting the amount of sperm allocated to the
ejaculate (Parker et al. 1996; Williams et al. 2005). Males may increase their sperm
investment in response to the risk of sperm competition (Parker et al. 1996) as shown by
the bush cricket, Kawanaphila nartee (Simmons and Kvarnemo 1997), the house cricket
and the decorated cricket, Acheta domesticus and Gryllodes supplicans (Gage and
Barnard 1996), the white butterfly, Pieris rapae (Wedell and Cook 1999), the bitterling,
Rhodeus sericeus (Candolin and Reynolds 2002; Smith et al. 2003), the black goby and
sneaker males of the grass goby, Gobius niger and Zosterisessor ophiocephalus (Pilastro
et al. 2002), territorial gobies (Scaggiante et al. 2005), parental bluegill sunfish, Lepomis
macrochirus (Neff et al. 2003), Norway rats, Rattus norvegicus (Pound and Gage 2004),
and meadow voles, Microtus pennsylvanicus (delBarco-Trillo and Ferkin 2004, 2006a).
Alternatively, males may not adjust sperm investment as the risk of sperm competition
increases as described in a species of cricket, Gryllus texensis (Schaus and Sakaluk 2001)
and the quacking frog, Crinia georgiana (Byrne 2004). Finally, male house mice, Mus
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musculus domesticus may reduce their sperm investment if the risk of sperm competition
increases (Ramm and Stockley 2007).
During the breeding season, male meadow voles occupy large home ranges that
encompass the territories of one or more females. Females inhabit mutually exclusive
territories (Madison 1980). Male and female meadow voles are promiscuous and most
interactions between opposite-sex conspecifics are limited to mating attempts (Madison
1980; Boonstra et al. 1993). Despite the high frequency of encounters between males and
females, encounters between same-sex conspecifics, particularly between males, are less
frequent (Madison 1980). Male-male agonism is not common (Ferkin and Seamon 1987)
and when it occurs males do not establish dominance hierarchies (Ferkin 2007). Thus,
male voles do not directly restrict other males from having access to sexually receptive
female voles, and therefore the incidence of sperm competition is likely to be high
(Dewsbury 1981; Boonstra et al. 1993; Berteaux et al. 1999). Consequently, male voles
are likely to have developed physiological, morphological and/or behavioral strategies to
confront the normal occurrence of sperm competition (Dewsbury 1981; Boonstra et al.
1993).
One strategy that male voles use to allocate sperm during copulation is to assess
the risk and intensity of sperm competition by the presence of scent marks of conspecific
males found near a sexually receptive female, which may be a good estimate of the
number of males that will copulate with that female (Salo and Dewsbury 1995). Our
recent work has supported and expanded this hypothesis by showing that if a male
meadow vole is paired with a female vole and both are exposed to the odor of a male
conspecific, the copulating male will increase his sperm investment by over 116%
(delBarco-Trillo and Ferkin 2004). A male vole’s sperm investment, however, does not
8

rise as high if he is exposed to the scent marks of several males (delBarco-Trillo and
Ferkin 2006a), suggesting that male voles are able to assess differences in the number of
potential mates near a receptive female. Interestingly, the male did not alter his sexual
behavior (delBarco-Trillo and Ferkin 2004, 2006a-c, 2007) as has been shown in other
animals (Stockley and Preston 2004). Given that male meadow voles adjust their sperm
investment during mating when exposed to the scent marks of other males, it begs the
question as to whether they adjust their sperm investment based on the information
contained in the scent marks of competing males. For example, do males adjust their
sperm investment if they encounter the scent marks of males that differ in some feature of
their quality?
The aim of the present experiment was to determine whether males assess
differences in the relative quality of competing males and adjust their sperm investment
accordingly. We selected males that were not food deprived and males that were food
deprived as odor donors to represent differences in their relative quality and resultant risk
of sperm competition. Recent work has reported that food-deprived male voles may be
of “lower quality” relative to males that were not food deprived (Pierce and Ferkin 2005).
First, food-deprived males produced odors that were less attractive to sexually receptive
females than those of males that were not food deprived. Next, food-deprived males
spent less time than males that were not food deprived investigating the odors of
receptive females. Lastly, food-deprived males engaged in coitus fewer times than males
that were not food deprived when paired with a sexually receptive female conspecific
(Pierce and Ferkin 2005; Pierce et al. 2005). Thus, males that are food deprived may
produce odors or scent marks that are associated with a decreased risk of sperm
competition, whereas odors or scent marks from males that were not food deprived may
9

represent a higher risk of sperm competition. If so, a prediction of the hypothesis is that a
copulating male will increase his sperm investment if he encounters the scent mark of a
male conspecific that was not food deprived for 24 h, but will not increase his sperm
investment if he encounters the scent mark of a male that was food deprived for 24 h.
Such a finding would suggest that males are able to adjust their sperm investment when
they encounter males that represent different risks of sperm competition.

METHODS
Animals
The meadow voles used in this study were offspring of field-caught animals, all of
which were born and raised at The University of Memphis in a room that was controlled
for temperature and on a 14:10 hour light-dark cycle to simulate day length during
breeding season. Meadow voles are weaned at 19 days of age and kept with littermates
until they are 34 days old. They are then housed singly in clear polycarbonate cages (27
x 16.5 x 12.5 cm). Cages contain hardwood shaving as bedding and cotton for nesting
material. Food and water are provided ad libitum (except for odor donors in the fooddeprived condition, as explained below).

Treatment groups
Thirty-six male and 36 female meadow voles were used in this study, with 12
different males and 12 different females used in each sperm competition treatment group.
This resulted in 36 pairs of voles being used in the experiment. Adult male meadow
voles copulated with sexually receptive females in one of three groups that only differed
in the type of scent mark the copulating male was exposed to during the trial. In one
10

group (n = 12 male-female pairs), we paired a female and a male vole who mated in the
presence of no scent marks from a conspecific male; this group represented the control
condition (CONTROL). In the control condition water was used instead of a scent mark.
In the second group (n = 12 male-female pairs), we paired a male and female in the
presence of the scent mark of a male that was food deprived for 24 h (FD-M). As
mentioned earlier, this group represents the scent marks of males considered to be of
lower quality relative to the copulating male. In the third group (n = 12 male-female
pairs), we paired a female and male vole in the presence of the scent mark of a male that
was not food deprived for 24 h; this male scent donor had continuous access to food
(1M). This group is similar to that described in delBarco-Trillo and Ferkin (2004, 2006a)
in that it represents the scent marks of males considered to be of similar quality to the
copulating male.

Testing procedure
We used control (fresh water) and fresh male scent marks for each male-female
pairing using methods detailed elsewhere (Ferkin et al. 1999; Pierce et al. 2005). Briefly,
in the control condition fresh distilled water was placed on a sterile cotton applicator and
rubbed for five seconds on the center portion of a clean glass microscope slide (7.5 cm x
2.5 cm). In the food-deprived (FD-M) and non-food-deprived conditions (1M), the
anogenital area of the male scent donor was rubbed against the center portion of a clean
glass slide for five seconds. The resulting scent marks from the male donors and the
water marks were roughly the same size, approximately 1.2 cm x 0.3 cm (l x w). We
used a single slide for each pairing. A different male’s scent mark was used in each trial
and each donor was only used once (n = 12 FD-M donors and n = 12 1M donors). None
11

of the male scent donors were familiar or related to the copulating male. However, all
male scent donors and copulating males were similar in age (between 6-9 mo old), weight
(within 8 g), and sexual experience (having previously sired a litter).
Immediately after the scent mark slide was prepared, we placed a female vole
into the testing cage (37 x 21 x 15 cm). The female voles were injected with 0.05 mg of
estradiol 60 h prior to pairing to increase the chance that the females would be receptive
and mate (delBarco-Trillo and Ferkin 2004). Five minutes after the female was placed in
the cage, we placed a glass slide containing a scent mark of a male donor or the control
into the cage. The slide was suspended 2 cm above the substrate by a clean metal clip
and hook. Five minutes after the slide was placed into the cage, we placed the subject
male into the cage. We allowed these males to mate until sexual satiety, which is 30 min
without any intromission (Gray and Dewsbury 1975; delBarco-Trillo and Ferkin 2004).
We recorded copulatory behavior of voles using methods similar to those detailed
elsewhere (delBarco-Trillo and Ferkin 2004). Briefly, copulatory behavior of voles was
recorded using a video-camcorder connected to a VCR recorder. We later scored the
tapes to determine the total number of ejaculations, the latency to first ejaculation, and
the mean ejaculation interval. The latency to first ejaculation was the amount of time
(seconds) from the start of the trial to the first ejaculation. The mean ejaculation interval
was the average amount of time (seconds) between each ejaculation. The methods for
scoring these two variables are similar, but not exactly the same as was seen in an earlier
paper examining copulatory behavior in meadow voles (delBarco-Trillo and Ferkin
2007). The scorers of the videotapes were blind to the treatment group of the voles.
Immediately after the male reached sexual satiety, he was removed from the cage
and returned to his home cage, the glass slide was discarded, and the female was removed
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from the cage and euthanized using an overdose of Isoflurane vapors. The female
reproductive tract was removed, opened and all the semen diluted in 25 ml of distilled
water as detailed in delBarco-Trillo and Ferkin (2004, 2006a). The solution was gently
homogenized. Four sperm counts were conducted using an improved Neubauer
hemocytometer. The average of the four sperm counts was used to estimate the total
number of sperm ejaculated by the male or his sperm investment (delBarco-Trillo and
Ferkin 2004, 2006a). The sperm counter was blind to the treatment group being tested.

Statistical analyses
The experimental design of this study is more similar to that of delBarco-Trillo
and Ferkin (2006a) than it is to the earlier delBarco-Trillo and Ferkin study (2004) in that
we do not use a “within-animal” design in the current study. This was due to the
difficulty of obtaining three successful trials with the same male. Generally, not using a
within-animal design may be a problem in this type of study if there is much unexplained
variation among males (Pound and Gage 2004). However, previous work has shown that
much of the variation in sperm investment of male voles is explained by male body size
(delBarco-Trillo and Ferkin 2004) and therefore may be controlled by incorporating male
body size in the statistical analyses as a covariate.
It has been previously reported that sperm investment is significantly correlated
with male body weight (delBarco-Trillo and Ferkin 2004). Therefore, we used an
ANCOVA to control for the effect of male body weight on sperm investment (delBarcoTrillo and Ferkin 2006a). The grouping variable was treatment group (CONTROL, 1M,
and FD-M), and the covariate was male body weight. Before running the ANCOVA, we
tested whether the assumption of homogeneity of regression was met using a
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Kolmogorov-Smirnov test. Levene’s homogeneity of variance test was used to test the
assumption of homoscedasticity. We used ANCOVA, the covariate being male body
weight, with a Fisher’s least significant difference adjustment for the pairwise
comparisons (delBarco-Trillo and Ferkin 2006a). Statistical analyses were performed
using SPSS 16 for Windows. Differences were considered significant at p < 0.05. We
also used one-way analysis of variance (ANOVAs) to determine whether males in the
different treatment groups had different numbers of ejaculations, latencies to first
ejaculation, and mean ejaculation intervals. The independent variable was treatment
group (CONTROL, 1M, and FD-M). The dependent variable was the number of
ejaculations, latency to first ejaculation, or the mean ejaculation interval.

RESULTS
We found significant differences in sperm investment between the three groups
(ANCOVA: F2,32 = 6.213, p = 0.005; Fig.1). Sperm investment was lowest in the
CONTROL group, which was statistically similar to the FD-M group (F1,32 = 0.028, p =
0.868). The highest sperm investment was in the 1M group (Fig. 1). A significant
difference was found between the CONTROL and 1M groups, with the 1M males having
a significantly higher sperm investment (F1,32 = 9.79, p = 0.005). There was also a
significant difference between the FD-M and 1M group, with the 1M males again
investing more sperm (F1,32 = 5.827, p = 0.025). Although we controlled for body size of
males, a subsequent analysis revealed that it did not affect sperm investment in male
voles. The ANOVA results also showed a difference between the three groups F2,33 =
5.984, p = 0.006. The Tukey post-hocs also showed a similar result, there was a
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significant difference between the CONTROL and the 1M groups and also between the
1M group and the FD-M group (both comparisons, p < 0.05).
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Figure 1. The mean + SEM sperm investment of copulating males exposed to a clean
glass slide (control), a glass slide containing the scent mark of an unrelated,
unfamiliar male conspecific (1M), and a glass slide containing the scent mark
of an unrelated, unfamiliar male conspecific that was food deprived for 24 h
(FD-M). Histograms capped with different letters are significantly different at
p < 0.05.
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We found that different risks of sperm competition did not affect aspects of the
copulatory behavior of male voles. There was not a significant difference among the
three different treatment groups in the number of ejaculations (6.03 ± 0.36 ejaculations; F
2,33

= 0.771, p = 0.471; Fig. 2a), latency to first ejaculation (1704.7 ± 453.1 s; F 2,33=

1.095, p = 0.347; Fig. 2b), and mean ejaculation interval (979.6 ± 100.9 s; F 2,33 = 0.238, p
= 0.790; Fig. 2c). Typically, male and female voles completed their mating bouts within
40 min-3.5 h of being paired.
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Figure 2. The mean + SEM number of (a) ejaculations by males, (b) latency (seconds) to
first ejaculation, and (c) mean interval (seconds) between ejaculations by males
exposed to a clean glass slide (control), a glass slide containing the scent mark
of an unrelated, unfamiliar male conspecific (1M), and a glass slide containing
the scent mark of an unrelated, unfamiliar male conspecific that was food
deprived for 24 h (FD-M). There were no significant differences between the
groups of males.
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DISCUSSION
Differences in male quality were established by selecting male voles that were not
food deprived or that were food deprived for 24 h prior to testing. Previous work has
shown that food-deprived male voles may be of “lower quality” relative to males that
were not food deprived. Briefly, male voles that were food deprived for 24 h produced
odors that were less attractive to females, spent less time investigating the odors of
receptive females, and were less likely to copulate than males that were not food deprived
(Pierce et al. 2005). Our results show that males are able to adjust their sperm investment
when they encounter the scent marks of males that were not food deprived for 24 h but do
not increase their sperm investment during copulation when they are exposed to the scent
mark of a male that was food deprived for 24 h. Indeed, sperm investment was similar in
the presence of the scent mark of a food-deprived male and in the absence of any scent
marks from male conspecifics. These findings suggest that food-deprived males may
represent a reduced risk of sperm competition relative to males that were not food
deprived. Our results are consistent with those of previous studies showing that sperm
investment of a copulating male mammal will increase if he encounters the scent marks
of a conspecific male of similar relative quality, which represents a stronger risk of
sperm competition (delBarco-Trillo and Ferkin 2004, 2006a; Pound and Gage 2004).
Males also increase their sperm investment when the risk of sperm competition is high as
seen in the white butterfly (Wedell and Cook 1999), the house cricket and the decorated
cricket (Gage and Barnard 1996), and the black goby and sneaker males of the grass goby
(Pilastro et al. 2002). More importantly, our study extends the hypothesis that male
mammals can assess the risk and intensity of sperm competition (delBarco-Trillo and
Ferkin 2004, 2006a; Pound and Gage 2004) by showing that male mammals can assess
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the relative quality of nearby males and use the information found in their scent marks to
adjust their own sperm investment.
Our present findings and those from previous studies demonstrate that male voles
can allocate different amounts of sperm when they encounter males that represent
different relative risks of sperm competition (this study; delBarco-Trillo and Ferkin 2004,
2006a). The ability to adjust sperm investment depending on both the relative risk of
sperm competition and the intensity of sperm competition may be a strategy employed by
males to use sperm prudently (Parker 1970; Dewsbury 1982; Dewsbury and Sawrey
1984; Parker et al. 1996). If there are multiple competitors, then the likelihood of siring
the offspring of a particular female will decrease. The ability to adjust sperm investment
may be an advantage to individuals in species characterized by a promiscuous mating
system (Birkhead 2000), a social system where male mammals visit the territories of
females that likely contain the scent marks of males that are able to represent different
relative risks of sperm competition (Madison 1980; Boonstra et al. 1993; Ferkin and
Pierce 2007), a high incidence of sperm competition (Dewsbury and Sawrey 1984;
Gomendio et al. 1998; Berteaux et al. 1999), and an environment containing variable
food availability (Getz et al. 2001). It is worth mentioning that multiple mating may
occur in other species of voles, including those species that have mating systems
characterized by either polygyny or monogamy (Wolff and Dunlap 2002; Klemme et al.
2006). It would be interesting to know if males in these species make similar sperm
allocation adjustments when they encounter the scent marks of conspecific males.
Male meadow voles did not adjust aspects of their copulatory behavior when they
were exposed to males that represent different risks of sperm competition. This result is
interesting because males in many other species do adjust copulatory behavior according
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to risk of sperm competition. Much evidence suggests that when faced with a high risk of
sperm competition males alter their copulatory behavior in such a way as to increase the
likelihood that they will fertilize the female’s eggs (Stockley and Preston 2004). In rats it
has been found that increasing the intromission length leads to more vaginal stimulation
of the female (Adler and Toner 1986). It may also cause a reduction in female
receptivity, which may reduce the future risk of a male competitor mating with that
particular female (Hardy and DeBold 1972; Stockley and Preston 2004). Roof rats,
Rattus rattus, and montane voles, Microtus montanus, have been found to decrease the
latency to copulate when there is a perceived risk of sperm competition (Shapiro and
Dewsbury 1986; Estep 1988). In contrast, our results showed that for male meadow voles
the number of ejaculations, the latency to first ejaculation, and the mean ejaculation
interval did not differ significantly across treatment conditions. Similar results have also
been reported in other experiments on meadow voles, showing that males exposed to
different risks and intensities of sperm competition do not alter their copulatory behavior
(delBarco-Trillo and Ferkin 2004, 2006a, 2007). For male meadow voles, it appears that
the number of ejaculations and other aspects of copulatory behavior in a mating bout may
be somewhat fixed. The lack of change in the copulatory behavior of male voles in the
face of different risks of sperm competition may provide males with benefits that
outweigh the costs. Male and female meadow voles are promiscuous and can mate with
multiple partners during a breeding event (Boonstra et al. 1993; Berteaux et al. 1999). To
increase the likelihood of reproductive success, males must provide females, which are
induced ovulators (Milligan 1982), with sufficient vaginal stimulation during coitus to
ensure she ovulates and he must provide sufficient sperm to increase his chances of
getting the female pregnant (Gray and Dewsbury 1975; Seabloom 1985; Bakker and
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Baum 2000). If there are too few intromissions and ejaculations, the female may not
ovulate and become pregnant. If the numbers of intromissions and subsequent
ejaculations are sufficient to allow a female to become pregnant, males may not need to
increase the number of ejaculations they have with a particular female, especially if by
doing so, he reduces the likelihood that he can impregnate additional females. As seems
to be the case for meadow voles, a better strategy than modifying the number of
ejaculations that males have during a copulatory bout with a female may be to adjust the
number of sperm per ejaculation. This adjustment of sperm investment, especially during
the first ejaculations, may account for the uncertainty of whether a male meadow vole
will be able to complete a full mating bout with a given female (delBarco-Trillo and
Ferkin 2006a, c, 2007).
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Chapter 3: Re-feeding food-deprived male meadow voles affects their sperm allocation
ABSTRACT
Males may adjust their sperm allocation depending on the nutritional status of
nearby male conspecifics. Male meadow voles, Microtus pennsylvanicus, increase their
sperm allocation if they encounter the scent mark of an unfamiliar male that is not
nutritionally challenged. If, however, the scent mark comes from a male that has been
food deprived for 24 hours, stud male voles do not increase their sperm allocation. We
hypothesized that newly re-fed male scent donors will induce stud males to increase their
sperm allocation to amounts similar to those of when they were exposed to males that
were not previously food-deprived. That is, food-deprived males that have been re-fed
will quickly recover their status as being at a high risk of sperm competition. We exposed
stud males to the scent marks of male conspecifics that were re-fed for different lengths
of time. It took between 96 and 336 hours of re-feeding male scent donors that were food
deprived for 24 hours to induce stud males to increase their sperm allocation to levels
comparable to when scent donors were not food deprived. The data suggest that the
recovery period from 24 hours of food deprivation is a slow process. Stud male voles
may be conserving the amount of sperm allocated until the male scent donors have
recovered from food deprivation and subsequent re-feeding.

INTRODUCTION
Many animals undergo periods of food scarcity (Bronson 1989), and as a result
individuals will encounter conspecifics that may or may not have had access to quality
forage. Under these conditions individuals may adjust their behavior according to
whether a conspecific has been food deprived (Pierce et al. 2005). For example, female
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guppies (Poecilia reticulata), mollies (Poecilia mexicana), sword tails (Xiphophorus
birchmanni), and meadow voles (Microtus pennsylvanicus) were less interested in male
conspecifics that had been nutritionally challenged as compared to those that had not
been nutritionally challenged (Kodric-Brown 1985, 1989; Plath et al. 2005; Fisher and
Rosenthal 2006; Hobbs et al. 2008). Similarly, male meadow voles that had been food
deprived for 6 hours or longer spent less time investigating the scent marks of sexually
receptive female conspecifics than did males that were not food deprived (Pierce et al.
2005). These food-deprived male voles were also less likely to mate with a sexually
receptive female vole than male voles that were not food deprived (Pierce et al. 2005).
The nutritional status of male water mites (Neumania papillator), lizards (Sceloporus
jarrovii), and prawns (Macrobrachium malcolmsonii) also affect their reproductive
behavior and sperm production (Proctor 1992; Punzo and Parker 2006; Samuel et al.
1999). Food-restricted male water mites spent more time in search of food, spending less
time in locating a mate (Proctor 1992). In the lizard, Sceloporus jarrovii, food
deprivation reduced sexual behavior in males (Punzo and Parker 2006). Food deprivation
reduced the attractiveness of scent marks of male and female meadow voles (Microtus
pennsylvanicus) to opposite-sex conspecifics (Pierce et al. 2005); scent marks are
accurate indicators of a male scent donor’s nutritional status as they often contain
digestive exudates (Albone 1984). Food-deprived male and female voles also were less
likely than voles that were not food deprived to copulate with an opposite-sex conspecific
(Pierce et al. 2005). These observations suggest that nutritionally-challenged males may
be treated by their conspecifics as weak competitors relative to males that were not
challenged nutritionally (Pierce et al. 2005; Vaughn et al. 2008).
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Most studies have shown that males faced with a high risk of sperm competition
from a rival male will alter their sperm allocation by adjusting the amount of sperm in
their ejaculate (Neff et al. 2003; Smith et al. 2003; delBarco-Trillo and Ferkin 2004;
Pound and Gage 2004; Scaggiante et al. 2005; Parker and Pizzari 2010). Particularly,
male meadow voles increase their sperm allocation when they encounter the scent marks
of an unfamiliar male that was not nutritionally challenged near the nest of a female
(delBarco-Trillo and Ferkin 2004, 2006). If, however, males encountered scent marks of
a male conspecific that had been food deprived for 24 hours they did not increase their
sperm allocation; instead, the sperm allocation of the stud male was similar to that when
no scent marks of another male were near the nest of a female (Vaughn et al. 2008).
Thus, scent marks may also be accurate indicators of a male scent donor’s risk of sperm
competition to other conspecifics (Vaughn et al. 2008).
Our results suggested that the availability of forage would impact how a male is
perceived by potential mates and by competing males. Consequently, males that had
limited access to food may be viewed by rival males as weaker risks of sperm
competition, whereas males that had unlimited access to food may be viewed by rival
males as stronger risks of sperm competition (Vaughn et al. 2008). However, male voles
wander through the territories of females that vary in the quality and amount of suitable
forage (Batzli 1985). Presumably, males that had limited access to forage may enter an
area in which food is more plentiful (Getz 1985), and after a period of re-feeding, could
be viewed as a higher risk of sperm competition by nearby males. If so, nearby males
would have to increase their sperm allocation when they encounter scent marks of these
re-fed males near the nest of a female.
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In this study, we determined how long it took males that had been food deprived
for 24 h and then re-fed to cause stud males to increase their sperm allocation when they
encountered their scent marks at the nest of a female conspecific. Female meadow voles
that were food deprived for 24 hours and then re-fed for 96 hours regained their
attractivity, proceptivity, and receptivity to males (Pierce and Ferkin 2005); we do not
know how long re-fed male voles would take to regain their sexual behaviors. Because
the reproductive success of male meadow voles depends on mating with multiple females
(Boonstra et al. 1993; Berteaux 1999) and because male meadow voles live on average
less than 17 weeks (Getz 1960; Tamarin 1985), we hypothesized that 24-96 hours of refeeding would be necessary for male meadow voles that were food deprived for 24 hours
to produce scent marks that would be sufficient to induce stud males to increase their
sperm allocation. We predicted that male voles exposed to the scent marks of these refed males would have sperm allocations similar to those of male voles exposed to the
scent marks of males that were not previously food deprived.

METHODS
Animals
The meadow voles used in this study were offspring of field-caught animals, all of
which were born and raised at The University of Memphis in a room that was controlled
for temperature and on a 14:10 hour light-dark cycle to simulate day length during
breeding season. Meadow voles used in this study were weaned at 19 days of age and
kept with littermates until they were 34 days old. They were then housed singly in clear
polycarbonate cages (27 x 16.5 x 12.5 cm). Cages contained hardwood shaving as
bedding and cotton for nesting material. Food and water were provided ad libitum, except
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for scent mark donors in the food-deprived and re-fed conditions (see below). The male
scent donors were similar in age (between 6-9 months old), weight (within 8 grams), and
sexual experience (having sired a previous litter) to the stud males. The scent donors
were unrelated and unfamiliar to the stud male and female.

Treatment groups
Seventy male and 70 female meadow voles were used in this study, with 10
different males and 10 different females used in a control group and each of the six
different treatment groups. In the control group, a female and a male vole were allowed
to mate without the scent marks of a nearby male being present. In the six treatment
groups, female and male voles were paired in the presence of the scent mark of a male
that had continuous access to food (1M), the scent mark of a male that was food deprived
for 24 h (24-FD), the scent mark of a male that was food-deprived for 24 h and then refed for 24 h (24-RF), the scent mark of a male that was food-deprived for 24 h and then
re-fed for 72 h (72-RF), or the scent mark of a male that was food-deprived for 24 h and
then re-fed for 96 h (96-RF). After measuring the sperm allocation of stud males in these
treatments, we allowed a female and a male vole to mate in the presence of the scent
mark of a male that was food-deprived for 24 h and then re-fed for 336 h (336-RF).

Testing procedure
We used males from the treatment groups CONTROL, 1M, 24-FD, 24-RF, 72RF, 96-RF, and 336-RF as scent donors. We used fresh male scent marks or control
(fresh water) marks for each stud male-female pairing, following methods detailed in
previous studies (Ferkin and Johnston 1995; Pierce et al. 2005; Vaughn et al. 2008;
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Ferkin 2010). In the control condition, fresh distilled water was placed on a sterile cotton
applicator and the applicator was rubbed for five seconds on the center portion of a clean
glass microscope slide (7.5 cm x 2.5 cm). In the 1M, 24-FD, 24-RF, 72-RF, 96-RF, and
336-RF conditions the anogenital area of the male scent donor was rubbed against the
center portion of a clean glass slide for five seconds. The water mark and the scent marks
were roughly the same size, approximately 1.2 cm x 0.3 cm. We used a different male
donor’s scent mark during each pairing of a female and stud male vole (n = 10 pairings
per treatment). All marked slides were used in a single male-female pairing.
Immediately after the scent mark slide was prepared, we placed a female vole into
the testing cage (37 x 21 x 15 cm). The female voles were injected with 0.05 mg of
estradiol 60 h prior to pairing to increase the chance that the females would be receptive
and mate (delBarco-Trillo and Ferkin 2004). Five minutes after the female was placed in
the cage, we placed a glass slide containing a scent mark of a male donor or the control
into the cage. The slide was suspended 2 cm above the substrate by a clean metal clip
and hook. Five minutes after the slide was placed into the cage, we placed the subject
male into the cage. We allowed these males to mate until sexual satiety, which is 30 min
without any intromission (Gray and Dewsbury 1975; delBarco-Trillo and Ferkin 2004).
We recorded copulatory behavior of voles using methods similar to those detailed
elsewhere (delBarco-Trillo and Ferkin 2004; Vaughn et al. 2008). Briefly, copulatory
behavior of voles was recorded using a video-camcorder connected to a VCR recorder.
We later scored the tapes to determine the total number of ejaculations, the latency to first
ejaculation, and the mean ejaculation interval. The latency to first ejaculation was the
amount of time (seconds) from the start of the trial to the first ejaculation. The mean
ejaculation interval was the average amount of time (seconds) between two successive
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ejaculations. The methods for scoring these two variables are similar to Vaughn et al.
2008, but not exactly the same used in an earlier paper examining copulatory behavior in
meadow voles (delBarco-Trillo and Ferkin 2007).
Immediately after the male reached sexual satiety, he was removed from the cage
and returned to his home cage, the glass slide was discarded, and the female was removed
from the cage and euthanized using an overdose of Isoflurane vapors. The female
reproductive tract was removed, opened and all the semen diluted in 25 ml of distilled
water as detailed in delBarco-Trillo and Ferkin (2004, 2006) and Vaughn et al. (2008).
The semen-water solution was gently homogenized and placed on an improved Neubauer
hemocytometer to facilitate sperm counts. We used the average of four sperm counts to
estimate the total number of sperm ejaculated by the male, what we considered to be his
sperm allocation (delBarco-Trillo and Ferkin 2004, 2006). The experimenter was blind
to the group (treatment or control) being tested.

Statistical analyses
The experimental design of this study is similar to those of delBarco-Trillo and
Ferkin (2006) and Vaughn et al. (2008) in that we did not use a “within-animal” design.
This was due to the difficulty of obtaining seven successful trials with the same male.
Generally, not using a within-animal design may be a problem in this type of study if
there is much unexplained variation among males (Pound and Gage 2004). Previous
work, however, has shown that much of the variation in sperm allocation of male voles is
explained by male body size (delBarco-Trillo and Ferkin 2004) and therefore may be
controlled by incorporating male body size in the statistical analyses as a covariate. We
used ANCOVA’s to control for the effect of male body weight on sperm allocation
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(delBarco-Trillo and Ferkin 2006). The grouping variable was treatment group
(CONTROL, 1M, 24-FD, 24-RF, 72-RF, 96-RF, and 336-RF), and the covariate was
male body weight. The Kolmogorov-Smirnov test was used before running the
ANCOVA to test the assumption of normality. Levene’s homogeneity of variance test
was used to test the assumption of homoscedasticity. Statistical analyses were performed
using the GLM feature in SPSS 16 for Windows. Differences were considered
significant at p < 0.05. We used independent GLM ANCOVAS as post hoc tests. We
also used one-way analysis of variance (ANOVAs) to determine whether males in the
different treatment groups had different numbers of ejaculations, latencies to first
ejaculation, as well as mean ejaculation intervals. The independent variable was
treatment group (CONTROL, 1M, FD-24, RF-24, RF-72, RF-96, and RF-336). The
dependent variable was either the number of ejaculations, latency to first ejaculation, or
the mean ejaculation interval.

RESULTS
Sperm allocation
The sperm allocation of stud males was not affected by male weight (F6,62 =
0.697; p = 0.407). However, there was an effect of treatment, with significant differences
in sperm allocation among the six treatment groups and the control group (F6,62 = 3.557; p
= 0.004; Figure 1). We found significant differences in the sperm allocation between the
stud males in the 1M condition and the stud males that were mated in the presence of the
scent marks of male scent donors that were food deprived for 24 h, re-fed for 24, 72, or
96 h, or in the CONTROL condition (independent post hoc GLM ANCOVAS). First,
stud males exposed to the bedding of 1 male that was not food deprived (1M condition)
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ejaculated more sperm than did stud males that were exposed to the no scent mark
(CONTROL) condition (F1,17 = 16.531; p = 0.001; Figure 1). Second, it took between 96
hours and 336 hours of re-feeding of males that were food deprived for 24 h to induce
stud males to increase their sperm allocation to levels similar to that when they were
exposed to the 1M condition (F1,17 = 3.248; p = 0.089; Figure 1). Third, it took between
96 hours and 336 hours of re-feeding of males that were food deprived for 24 h to induce
stud males to increase sperm allocation to levels that were significantly different than the
CONTROL condition (F1,17 = 4.669; p = 0.045; Figure 1).
We also found that the sperm allocation of stud males exposed to donors in the 24
FD, 24 RF, 72 RF, and 96 RF treatments were different than that of stud males exposed
to scent donors in the 1M group (F1,17 = 11.511, p = 0.003; F1,17 = 5.410, p = 0.033; F1,17
= 5.600, p = 0.030; F1,17 = 21.286, p < 0.0005, respectively; Figure 1). However, the
sperm allocation of stud males was similar in the CONTROL, 24 FD, 24 RF, 72 RF, and
96 RF groups (p > 0.1 for each comparison; Figure 1).
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Figure 1 The mean + SEM sperm allocation of stud males exposed to no scent mark
(CONTROL), the scent mark of an unrelated, unfamiliar male conspecific
(1M), the scent mark of a 24-hour food-deprived male (24-FD), and the scent
mark of a re-fed male: 24-RF, 72-RF, 96-RF, and 336-RF. Asterisks indicate
significant differences between groups *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Copulatory behavior
We found that different risks of sperm competition did not affect aspects of the
copulatory behavior of male voles. There was no significant difference among the stud
males in the seven different treatment groups in their number of ejaculations (F6,63 =
1.532, p = 0.185; Fig. 2a), their latency to first ejaculation (F6,63 = 1.693, p = 0.140; Fig.
2b), and their mean ejaculation intervals (F6,63 = 1.702, p = 0.138; Fig. 2c).
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Figure 2. The mean + SEM (a) number of ejaculations by males, (b) latency to first
ejaculation (seconds), and (c) mean interval (seconds) between ejaculations, by
males exposed to no scent mark (CONTROL), the scent mark of an unrelated,
unfamiliar male conspecific (1M), the scent mark of a 24-hour food-deprived
male (24-FD), and the scent mark of a re-fed male: 24-RF, 72-RF, 96-RF, and
336-RF. There were no significant differences between groups.
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DISCUSSION
We determined how long it took re-fed males that were food deprived for 24
hours to become a high risk of sperm competition for stud males. We discovered that
336 hours of re-feeding was necessary to induce stud males to increase their sperm
allocation during ejaculation. Stud male voles did not increase their sperm allocation
when they mated in the presence of scent marks of food-deprived males that were re-fed
up to 96 hours. This findings suggests that stud males were sensitive to changes in the
nutritional status of male competitors (Engqvist and Reinhold 2005; Vaughn et al. 2008).
Specifically, stud males may view a male conspecific that has been re-fed up to 96 hours
as being a weak risk for sperm competition but view a male that has been re-fed for 336
hours as being a strong risk for sperm competition. Vaughn et al. (2008) showed that stud
male voles were able to detect differences in the scent marks of food deprived male scent
donors and that they can adjust their sperm allocation according to the nutritional state of
a male conspecific. Being sensitive to the nutritional condition of competing males will
allow male voles to tailor their sperm allocations prudently. Thus, the present results
support and augment studies on male voles (delBarco-Trillo 2004, 2006), mice (Pound
and Gage 2004) and fowl (Tazzyman et al. 2009) that males tailor their sperm allocation
according to the risk of sperm competition (Parker and Pizzari 2010).
Our data did not support the hypothesis that food-deprived male voles that have
been re-fed would quickly recover their status as being a high risk of sperm competition.
Pierce and colleagues found that food-deprived female meadow voles that were re-fed for
48 hours, 72 hours, and 96 hours were able to restore the attractiveness of their odor to
males, reinstate their preference for male odors, and restore their willingness to mate,
respectively (Pierce and Ferkin 2005; Pierce et al. 2005). It appears that the features of
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the scent marks of male voles that may have been altered by food deprivation and
subsequent re-feeding can be detected by conspecifics. The changes in the features of the
scent marks of males due to food deprivation and subsequent re-feeding may reflect a
condition referred to as re-feeding syndrome. Re-feeding syndrome involves shifts in
metabolic pathways and hormone titers may occur in malnourished humans receiving
artificial re-feeding (Mehanna et al. 2008). The net result of re-feeding is that the body
switches from using carbohydrate to using fat and protein as the main source of energy,
and the basal metabolic rate decreases by as much as 20-25% (Vevebrants and Arky
1969; Crook 2000; Crook et al. 2001). It is conceivable that male voles must overcome
similar physiological challenges and that rival male voles can detect these changes in the
feces and urine scent marks deposited by re-fed males. Digestive exudates are the
principal components of the scent marks of voles (Albone 1984; Ferkin and Johnston
1995).
Stud males did not alter their copulatory behavior when they were exposed to the
scent marks of male scent donors that were food deprived and re-fed. This finding is
consistent with and augments those of previous studies, showing that stud male voles
exposed to the scent marks of males did not alter their number of ejaculations, their
latency to first ejaculation, and their mean ejaculation interval (delBarco-Trillo and
Ferkin 2004, 2006, 2007; Vaughn et al. 2008). It appears that for meadow voles the
copulatory behavior of males is not labile but fixed. The benefit of having this highly
conserved trait may allow males voles to mate with multiple females (Boonstra et al.
1993; Berteaux et al. 1999) and provide each female with sufficient coital stimulation to
ensure that they ovulate (Milligan 1982) and become pregnant (Gray and Dewsbury
1975; Seabloom 1985; Bakker and Baum 2000).
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It is interesting that it took re-fed male voles a relatively long time to recover their
high risk of sperm competition status from being food deprived for 24 hours. Although
24 hours of food deprivation represents an extreme, and perhaps, unlikely occurrence for
free-living voles (Pierce et al. 2005), it is likely that voles would undergo periods of low
food availability (Batzli 1985). It took food-deprived males between 4-14 days to be
viewed as high risks of sperm competition by male conspecifics. It is possible that a
similar amount of time of re-feeding is required for food-deprived males to be viewed as
suitable mates by female conspecifics. Before this time, re-fed males may not produce
odors that are attractive to females, may not show interest in seeking out females, or may
not attempt to mate with females, similar to the response of females to food deprivation
and re-feeding (Pierce and Ferkin 2005; Pierce et al. 2005). These re-fed males could
lose mating opportunities, which would lower their reproductive success. Thus, periods
of food scarcity would have dramatic effects on male meadow voles, which during the
breeding season, reach sexual maturity in 6-7 weeks and live on average up to 17 weeks
(Getz 1960; Nadeau 1985; Tamarin 1985). It is possible, however, that re-fed males may
become attractive to females before they return to being a strong risk of sperm
competition for male conspecifics. If this were the case, re-fed males may enjoy a period
of time when they can mate with females without having nearby males increasing their
sperm allocation when mating with the same female. Such a scenario is intriguing if it
allows these re-fed males an opportunity to increase their reproductive success at the
expense of stud males.
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Chapter 4: Self-grooming by male meadow voles differs across copulation but is not
affected by the risk and intensity of sperm competition

Summary
Meadow voles, Microtus pennsylvanicus, self-groom before, during, and after
copulation, which may convey olfactory information to nearby conspecifics. Since males
who self-groom at high rates were found to be attractive to females, it is possible that the
copulating male may attempt to increase his attractiveness over that of other males who
are present or nearby. In that the presence of other males affects sperm investment and
can be used by males as an indicator of sperm competition, we tested the hypothesis that
the presence of scent marks of other males near a sexually receptive female affects the
self-grooming behaviour of males that encounter them. We did so by pairing a male and a
female vole in the presence of the odours of one male conspecific, five male conspecifics,
or no male conspecifics. The amount of time male voles self-groomed was not affected
by the risk or intensity of sperm competition. We also tested the hypothesis that selfgrooming behaviour of males differed depending on whether it was performed before,
during, or after copulation. Male voles differed in the amount of time and the location on
their body that they self-groomed before, during, and after copulation.

Introduction
During bouts of self-grooming, chemical cues are often released from the body
(Thiessen, 1977). These cues may be akin to scent marks (Halloran & Bekoff, 1995),
conveying information to nearby conspecifics that may affect their behaviour toward the
groomers (Spruijt et al., 1992; Ferkin & Leonard, 2005, in press). Nearby opposite-sex
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conspecifics behave more amicably toward groomers than non-groomers (Thiessen &
Harriman, 1986), and in some cases the odours released by self-grooming can have a
primer affect, stimulating their sexual receptivity (Brown & Macdonald, 1985; Lepri &
Wysocki, 1987). The odours produced by groomers can also be used to assess
differences between particular opposite-sex conspecifics (Ferkin, 2006; Hobbs et al.,
2008). However, individuals vary in the amount of time they spend self-grooming.
Individuals spend more time self-grooming when they encounter opposite-sex
conspecifics than when they encounter same-sex conspecifics or the odours of a variety
of ungulates, carnivores and rodents (Steiner, 1973, 1974; Brockie, 1976; Brown &
Macdonald, 1985; Ferkin et al., 2001). Among microtine rodents such as voles, males
and females self-groom more when they are exposed to the scents of opposite-sex
conspecifics that are in heightened states of sexual receptivity than to those of oppositesex conspecifics that are not in such states (Witt et al., 1988, 1990; Ferkin et al., 1996;
Ferkin, 2006). In addition, voles spend more time self-grooming in response to odours of
unfamiliar, opposite-sex conspecifics than to those of their opposite-sex siblings (Paz-yMiño et al., 2002). These observations suggest that the amount of time voles spend selfgrooming when they encounter the odours of particular opposite-sex conspecifics may be
involved in signaling to potential mates (Ferkin & Leonard, 2005, in press; Hobbs et al.,
2008).
It has been suggested that since individuals direct their self-grooming toward
particular opposite-sex conspecifics, who then respond selectively toward these
groomers, self-grooming may be a specialized form of olfactory communication
associated with the suite of behaviours that support reproduction (Harriman & Thiessen,
1985; Ferkin & Leonard, 2005, in press). Displaying behaviours that facilitate
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interactions between the sexes and express sexual interest would be especially important
to animals, like male and female meadow voles. During the breeding season, female
voles are territorial and male voles occupy large, overlapping home ranges that
encompass the territories of one or more females (Madison, 1980). At this time of year,
meadow voles mate promiscuously but nest separately (Boonstra et al., 1993). Moreover,
males and females have limited interactions with one another (Dewsbury, 1990). The
reproductive success of male and female meadow voles would be limited by the number
of sexually receptive opposite-sex conspecifics that they can detect, locate, and attract
(Trivers, 1972; Ferkin et al., 2008). The attractiveness of the odours produced by voles
can be increased when they self-groom (Ferkin et al., 1996). Thus, male voles may
increase their success of finding potential mates by self-grooming when they encounter
females or their scent marks.
Sexually receptive female voles may attract multiple males to them (Ferkin,
2006). These males are likely to deposit their scent marks near the nests of these females
(Brown & Macdonald, 1985; Gosling & Roberts, 2001). A male approaching such a
female may encounter the scent marks of other males near her nest. The scent marks of
other males found near the nest of a sexually receptive female may be from her previous
mates and indicate the risk and intensity of sperm competition that an approaching male
faces if he copulates with that female (delBarco-Trillo & Ferkin, 2004). If the male
copulates he adjusts the amount of sperm in his ejaculate accordingly to meet the risk and
intensity of sperm competition (delBarco-Trillo & Ferkin, 2004, 2006; Vaughn et al.,
2008). We know from our previous work that self-grooming is a form of olfactory
communication that increases the odour field of the groomer, making him or her more
easily detected by nearby conspecifics (Ferkin et al. 1996). It is possible that the
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presence or absence of scent marks or the number of males that deposit scent marks near
the female’s nest will affect the amount of time that a male vole spends self-grooming
when he encounters the nest. Thus, self-grooming by males may be influenced by the
risk and intensity of sperm competition. The amount of time that a male vole spends selfgrooming when he encounters the scent marks of other males near a female may affect
the likelihood that he is detected by the female and that she is attracted to him (Ferkin et
al. 1996). Self-grooming may also influence his sperm investment and that of males that
detect the odours he broadcasts. Thus, a goal of the present study was to determine
whether the self-grooming behaviour of male voles varies with the risk and intensity of
sperm competition. We tested the hypothesis that the presence of scent marks of other
males near a sexually receptive female affects the self-grooming behaviour of males that
encounter those marks. In that the scent marks of conspecific males are indicators of the
risk and intensity of sperm competition (delBarco-Trillo & Ferkin, 2004, 2006; Vaughn
et al., 2008), this hypothesis predicts that the amount of time that a male self-grooms will
follow the same pattern of sperm investment observed in male voles in similar risks and
intensities of sperm competition. That is, male voles will spend the greatest amount of
time self-grooming when they are exposed to the scent mark of a single male, which
represents a high risk but low intensity of sperm competition. Male voles will spend the
least amount of time self-grooming when they are exposed to no scent marks of other
males, which represents a low risk and intensity of sperm competition. Lastly, male
voles will spend an intermediate amount of time self-grooming when they encounter the
scent marks of five males, which represents a high risk and intensity of sperm
competition. The alternative hypothesis is that the amount of time male voles self-groom
does not vary with the risk and intensity of sperm competition. Thus, male voles will
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spend similar amounts of time self-grooming independent of the risk and intensity of
sperm competition.
A related goal of the present study was to determine if the amount of time and the
pattern of self-grooming male voles performed before, during, or after coitus differed by
their perceived risk and intensity of sperm competition. We characterized these periods
surrounding and including coitus as the pre-copulatory, peri-copulatory, and postcopulatory phases, respectively. We specifically examined if the duration of selfgrooming was different pre-, peri-, and post-copulation and if different body areas were
self-groomed at different rates during these three phases. Studies have indicated that selfgrooming may be involved in the behaviours that affect reproduction (Spruijt et al., 1992;
Ferkin & Leonard, 2005, in press) and individuals differ in the amount of time they spend
self-grooming during and around mating (Sachs, 1988; Witt et al., 1988, 1990). Thus,
self-grooming by males may serve different functions during sexual behaviour. We
tested this hypothesis by measuring the amount of time male voles spent self-grooming
before, during, or after copulation and whether the body regions they self-groomed
differed.

Methods
Animals
Voles used in these experiments were descendants of free-living individuals,
originally trapped in Kentucky, Pennsylvania and Ohio. Meadow voles were maintained
from birth under a long photoperiod (14:10h L:D, lights on at 0700h CST), which
simulates the day length prevalent in the summer breeding season. The meadow voles
were weaned at 19 days of age, housed with their littermates until 34 days of age, and
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then housed singly in clear plastic cages (27 x 16.5 x 12.5 cm). Cages contained
hardwood shavings as bedding and cotton as nesting material. We replaced the cotton
nesting material every 7 to 10 days. Food (Harlan Teklad Rodent Diet, #8640, Madison,
WI), and water were provided ad libitum.
The voles used in these experiments were 120-150 days of age, sexually
experienced, having previously sired or delivered a litter. However, all voles used in the
experiment had been housed singly for at least 30 days before being used as a subject.
None of the female subjects were currently pregnant or lactating. All male and female
voles used in the experiment were sexually receptive. Female voles housed under long
photoperiod have induced ovulation and do not undergo regular oestrous cycles
(Milligan, 1982; Keller, 1985; Meek & Lee, 1993); females that are not pregnant or
lactating are considered to be sexually receptive (delBarco-Trillo & Ferkin, 2004) and
produce odours and scent marks that are attractive to males (Ferkin & Johnston, 1995).
However, we injected female voles with 0.05 mg estradiol benzoate three days before
pairing with a male to increase the likelihood that they would mate (Dewsbury &
Baumgardner, 1981; delBarco-Trillo & Ferkin, 2004).

Treatment Groups
There were three treatment groups. We used 51 male and 51 female voles, with
17 different pairs used in each group. In one group (n = 17 male-female pairs), we paired
a male and a female who mated in the presence of 20 g of soiled bedding taken from the
cage of a conspecific male (1M). In the second group (n = 17 male-female pairs), we
paired a male and a female who mated in the presence of 20 g of soiled bedding taken
from the cages of five odour donors (5M). We used 4 g of soiled bedding from each
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donor. The soiled bedding from each odour donor in the 5M group was placed
contiguously but without overlapping and, thus, the area covered by the bedding in all
groups was similar. In the third group (n = 17 male-female pairs), we paired a male and a
female who mated in the presence of 20 g of bedding soaked in water (CONTROL).
Subjects and odour donors were unrelated and unfamiliar to one another.

Testing Procedure
All testing was conducted during the first 2 hours of the light cycle (lights on at
0700). We used the same methodological paradigm described elsewhere (delBarco-Trillo
& Ferkin, 2004, 2006). That is, we used the scented bedding of male conspecifics to
simulate different risks and intensities of sperm competition.
We followed the procedures for pairing the males and females described in
delBarco-Trillo & Ferkin (2004, 2006). Briefly, 20 g of treatment bedding (see above)
were placed in a clean cage (37 x 21 x 15 cm) lined with clean bedding. An estradiolprimed female was introduced into the cage after the placement of the male-scented or
clean bedding. The focal male was introduced in the cage 5 min later. We video-taped
the pairing with a Sony Handycam connected to a JVC 4 Head VCR Combo Video
Cassette Recorder. During these pairings, the male voles were allowed to reach sexual
satiety, which occurs when, after mating, there is 30 min without any further copulation
(Gray & Dewsbury, 1975; delBarco-Trillo & Ferkin, 2004). We used the free software
Stopwatch+ (http://www.cbn-atl.org/research/stopwatch.shtml) to score the tapes. The
scorer was blind to whether the male groomers were tested in the 1M, 5M, or CONTROL
treatments.
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We recorded self-grooming in male voles exposed to the three different
treatments (1M, 5M, or CONTROL). In voles, the general pattern of self grooming
consists of a cephalocaudal progression that begins with rhythmic movements of the
paws around the mouth and face, over the ears, descending to the ventrum, sides,
anogenital area, and tail (Ferkin et al., 1996, 2001). Previous work has shown that male
voles exposed to females or their bedding spent most of the time self-grooming their
head, sides, and anogenital area. Each of these areas is a source of sexually discriminable
scents; that is, these areas convey sex-specific information to nearby conspecifics (Ferkin
& Johnston, 1995). When males self-groom these areas they volatize these scents,
projecting them to nearby conspecifics (Ferkin et al., 1996; Ferkin & Leonard, in press).
We measured the amount of time and the location on their body that male voles
spent self-grooming before (the pre-copulatory phase), during (the peri-copulatory
phase), and after copulations ceased (the post-copulatory phase). The pre-copulatory
phase included the 10 minutes before the start of the first copulatory bout (unless mating
started before 10 minutes into the trial). The average duration of the pre-copulatory
phase was 485 + 22.54 sec (X + SE, N = 51). The peri-copulatory phase included the
time from the first ejaculation until 10 minutes after the first ejaculation or until the male
started the second ejaculatory series. That is, the peri-copulatory phase consisted of the
full inter-copulatory interval between the first and the second ejaculatory series or the
first 10 minutes of that inter-copulatory interval if it lasted more than 10 minutes. The
average duration of the peri-copulatory phase was 416 + 20.44 sec (N = 51). The postcopulatory phase lasted for 10 minutes and was recorded starting from the end of the last
copulatory bout of the trial. In order to analyze the data we calculated percentage values
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(the amount of time spent self-grooming divided by the total time in that phase) for each
phase.

Statistical Analysis
We used the Kruskal-Wallis H test to determine whether males exposed to
different risks and intensities of sperm competition spent different amounts of time selfgrooming. We used the Friedman test to determine whether differences existed in the
self-grooming behaviour of male voles during the pre-copulatory, peri-copulatory, or
post-copulatory phases. When significant main effects were detected, we conducted
Wilcoxon sign ranks tests to determine significant differences between the paired
comparisons. Differences were considered significant at p < 0.05. All data are shown as
medians in boxplots.

Results
Self-grooming in relation to sperm competition
The amount of time that male voles self-groomed was not affected by the risk or
intensity of sperm competition. That is, males spent similar amounts of time selfgrooming when they were exposed to the 1M, 5M, and CONTROL treatments (KruskalWallis H test; p > 0.05 for all comparisons; Figure 1). Likewise, no differences were
found among the three sperm competition treatments in the amount of time that males
spent self-grooming their head (H2 = 2.182, p = 0.336), sides (H2 = 3.337, p = 0.189), or
anogenital area (H2 = 4.361, p= 0.113). Thus, the risk and intensity of sperm competition
does not appear to affect the pattern or intensity of self-grooming in meadow voles under
the conditions tested. During the post-copulatory phase there was a trend for males to
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spend less time self-grooming when exposed to the 5 M treatment (p = 0.051). However,
we found no significant differences between paired comparisons across the 1M, 5M, and
CONTROL treatments (p > 0.05).
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Figure 1. Percentage of time (s) male voles spent self-grooming when they were exposed
to no odours of male conspecifics (CONTROL), odours of one male conspecific
(1M), or odours of five male conspecifics (5M), during the pre-, peri-, and postcopulatory phases. The bar within each box represents the sample median, each
box represents 50% of the data around the median, and the two whiskers around
each box represent the 95% confidence interval. Circles represent outliers.
There were no significant differences.
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Total time self-grooming across the pre-copulatory, peri-copulatory, and post-copulatory
phases
Since we found that male voles did not differ in the amount of time they spent
self-grooming in relation to the risk and intensity of sperm competition, we pooled the
data from the three conditions to determine whether self-grooming by males differed
during the pre-copulatory, peri-copulatory, and post-copulatory phases. Total selfgrooming was significantly different during the pre-, peri-, and post-copulatory phases
(Friedman test: X2 = 58.71, p < 0.0005; Figure 2). The total amount of time male voles
spent self-grooming during the peri-copulatory phase was greater than the other two
phases (Wilcoxon tests: p < 0.0005 for both comparisons; Figure 2). The total time males
spent self-grooming was greater during the post-copulatory phase than during the precopulatory phase (Z = -3.38, p = 0.001; Figure 2).
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Figure 2. Percentage of time (s) that male voles self-groomed their head, side, anogenital
area and total (sum of the three body regions) during the pre-, peri-, and postcopulatory phases. The bar within each box represents the sample median, each
box represents 50% of the data around the median, and the two whiskers around
each box represent the 95% confidence interval. Circles represent outliers. *, p
< 0.05; **, p < 0.01; ***, p < 0.001.
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Self-grooming and region of the body
Male voles differed in the amount of time and the pattern of self-grooming across
the pre-copulatory, peri-copulatory, and post-copulatory phases (X2 = 19.92, p < 0.0005;
Figure 2). Males spent less time self-grooming their head during the pre-copulatory phase
and the post-copulatory phase than they did during the peri-copulatory phase (p <
0.0005). However, males spent similar amounts of time self-grooming their head before
and after copulation (Z = -0.45, p = 0.65). Males also spent different amounts of time
self-grooming their sides during the three phases (X2 = 12.86, p = 0.002). Males spent
more time self-grooming their sides during the peri-copulatory phase than during the precopulatory phase (Z = -4.01, p < 0.0005) or the post-copulatory phase (Z = -2.4, p =
0.016). Males spent similar amounts of time self-grooming their sides during the preand post-copulatory phases (Z = -1.54, p = 0.12). In addition, male voles spent different
amounts of time self-grooming their anogenital area before, during, and after copulation
(X2 = 82.98, p < 0.0005; Figure 2). Male voles spent more time self-grooming their
anogenital area during the peri-copulatory phase than during the other phases (p < 0.0005
for both comparisons). Males also spent more time self-grooming their anogenital area
during the post-copulatory phase than during the pre-copulatory phase (p < 0.0005).

Self-grooming the different body regions during the pre-, peri-, post-copulatory phases
We also found that male voles spent different amounts of time self-grooming their
head, sides, and anogenital area during the pre-copulatory phase (X2 = 68.9, p < 0.0005),
the peri-copulatory phase (X2 = 52.4, p < 0.0005), and the post-copulatory phase (X2 =
33.55, p < 0.0005). During the pre-copulatory phase, males spent more time selfgrooming their head compared to their sides and their anogenital area (Z = - 5.83, p <
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0.0005), and more time self-grooming their sides than their anogenital area (Z = -3.76, p
< 0.0005). In contrast, during the peri-copulatory phase, males spent more time selfgrooming their anogenital area than their head (Z = -3.46, p = 0.001) and their sides (Z = 5.88, p < 0.0005), and more time self-grooming their head than their sides (Z = -5.18, p <
0.0005). Lastly, during the post-copulatory phase, males self-groomed their sides less
than their head (Z = -5.28, p < 0.0005) and anogenital area (Z = -4.87, p < 0.0005), but
they spent similar amounts of time self-grooming their head and anogenital area (Z = 0.62, p = 0.54). In summary, during the pre-copulatory phase a male spends most of his
time self-grooming his head. During copulation most of his self-grooming is directed
toward his anogenital area. During the post-copulatory phase, a male spends most of the
time self-grooming his anogenital area and head.

Discussion
Male voles who were paired with a female in the presence of bedding scented
either by the odours of one male (1M), five males (5M) or no males (CONTROL), spent
similar amounts of time self-grooming. Thus, our findings did not support the hypothesis
that male meadow voles adjust their self-grooming behaviour in relation to the perceived
risk and intensity of sperm competition. Given that self-grooming may be part of the
behaviours that are involved in attracting a mate and in copulatory behaviour (Witt et al.,
1988, 1990; Spruijt et al., 1992; Ferkin & Leonard, in press), it was interesting that it did
not vary with the male’s perceived risk of sperm competition. In other species, several
copulatory behaviour variables may change in relation to sperm competition condition
(Shapiro & Dewsbury, 1986; Estep, 1988: Stockley & Preston, 2004).
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Different risks and intensities of sperm competition do not alter a male meadow
vole’s latency to copulate, their number of ejaculations, or the interval between
successive copulations with a female conspecific (delBarco-Trillo & Ferkin, 2004, 2006,
2007a; Vaughn et al., 2008). Male meadow voles, however, increase their sperm
investment when faced with a high risk of sperm competition (delBarco-Trillo & Ferkin,
2004, 2006; Vaughn et al., 2008). Male voles adjust their self-grooming and copulatory
behaviours when they are paired with a female that is in postpartum oestrus (Witt et al.,
1988, 1990). Male meadow voles also spend more time self-grooming when they
encounter the scents of a female in postpartum oestrus than those of a female in a
different reproductive state (Ferkin, 2006). Male meadow voles also spend less time
mating with females that are in postpartum oestrus and ejaculate fewer times during
copulation relative to females that are not in postpartum oestrus (delBarco-Trillo &
Ferkin, 2007b). Taken together, it seems that the reproductive state of female voles and
not the presence of male conspecifics induce male voles to adjust their copulatory and
self-grooming behaviours. By not varying the amount of time they spend self-grooming
when exposed to the different risks and intensities of sperm competition, male voles may
not be increasing the odour field surrounding them, which affects how easily they are
detected by nearby conspecifics (Thiessen, 1977; Ferkin et al. 1996). It is possible that
male voles may be balancing the benefits of increasing the likelihood that they are
detected by a sexually receptive female with the costs of indicating their presence and the
location of the female to nearby male conspecifics and predators.
Although the self-grooming behaviour of male voles was not affected by their
perceived risk and intensity of sperm competition, it differed during the pre-copulatory,
peri-copulatory, and post-copulatory phases. Briefly, our data suggests that the amount
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of time males dedicate to self-grooming was lowest before they mated with a female,
highest during coitus, and intermediate between the two after copulation. During the precopulatory phase relatively low rates of self-grooming may be more associated with a
male’s unwillingness to alert other males and possibly predators of his location, the
location of the female, or both. The low rates of self-grooming do not seem to be
associated with increasing the likelihood that he is detected by nearby females, as
previously thought (Ferkin et al., 1996; Ferkin, 2006). However, in those earlier studies
of self-grooming, male voles were exposed separately to the bedding of male or female
conspecifics and not simultaneously to odours of both sexes. The differences in the
response of males to combinations of odours suggest a degree of complexity involving
the self-grooming behaviour of male voles. The relatively higher rates of self-grooming
during the peri-copulatory phase may be consistent with observations of this behaviour
during copulation in rodents (Gray & Dewsbury, 1975; Sachs et al., 1988; Witt et al.,
1988, 1990). One can speculate that during the peri-copulatory phase high rates of selfgrooming by a male could further increase the attractiveness of his odours to the female
(Thiessen, 1977; Ferkin et al., 2001). Peri-copulatory self-grooming may also increase
the production of odours that indicate the male’s state of sexual arousal to further
stimulate him to continue to mate and ejaculate (Ferkin et al., 1996). It is also possible
that relatively high rates of peri-copulatory self-grooming releases scents that stimulate
the female to remain in lordosis (Sachs et al., 1988; Sachs, 1988), thereby increasing the
likelihood that the female ovulates and gets pregnant (Diamond, 1972; Carter et al., 1987;
Dewsbury, 1990). During the post-copulatory phase, relatively moderate rates of selfgrooming by the male may reduce his arousal (Spruijt et al., 1992) or decrease release of
his odours that may further stimulate the female (Moffatt & Nelson, 1994; Lepri &
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Wysocki, 1987; Ferkin et al., 1996), which may deter other males from mating with this
female. Self-grooming by males during the post-copulatory phase may signal to nearby
females that he has attracted a female and copulated with her and is a suitable mate
(Dugatkin, 1992). Alternatively, self-grooming during the post-copulatory cleaning may
be involved in maintenance of the pelage and refreshing the areas of the body affected by
mating (Hart et al., 1987; Sachs et al., 1988).
We also found that male voles spent different amounts of time self-grooming their
body in relation to the phase of copulation. During the pre-copulatory phase, males spent
more time self-grooming their head than their sides or anogenital area. Self-grooming the
head focuses the odiferous substances on the part of the male’s body that is facing the
female. In this way, the head may function as a scent wick that makes the male detected
more easily by nearby females. Female Mongolian gerbils will investigate the head of a
male, which is the region where the Harderian gland letdown is found, and will display
less proceptive behaviour toward a male who has had these glands removed (Harriman &
Thiessen, 1985). By self-grooming the head during the pre-copulatory phase a male may
also be bringing his own odours into contact with his nose and mouth. These odours may
activate his main olfactory or accessory olfactory bulb and serve as a form of chemical
self-stimulation (Lepri & Wysocki, 1987; Ferkin et al., 1996). In addition, by selfgrooming their heads, males may be increasing the volatility of odiferous substances by
mixing them with saliva (Ferkin et al., 1996), which can increase their odour field (Ferkin
et al., 1996). Increasing their odour field may make groomers more easily detected by
nearby opposite-sex conspecifics (Harriman & Thiessen, 1985; Thiessen & Harriman,
1986). During the peri-copulatory phase, male meadow voles spent most of the time selfgrooming their anogenital area. The anogenital area would contain scents of the
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copulating pair. Spreading of such substances may provide the olfactory and chemical
cues needed to stimulate the pair to continue to mate. During the post-copulatory phase
males spent little time self-grooming their sides, however, they spent more time selfgrooming their head and anogenital area. Anogenital area self-grooming by males was
greater during the post-copulatory phase than during the pre-copulatory phase, which
may prepare the male for an encounter with another sexually receptive female.
In conclusion, self-grooming by male meadow voles was not affected by the risk
and intensity of sperm competition. However, self-grooming by male voles did differ
depending on when in the copulation bout the behaviour occurred. The current findings
are consistent with studies showing that voles adjust their self-grooming to conspecifics
(Witt et al., 1988, 1990; Ferkin et al., 1996; Paz-y-Miño et al., 2002; Ferkin, 2006). Our
results also extend the hypothesis that self-grooming by males may signal their presence
in an area to potential mates and nearby males (Ferkin & Leonard, 2005, in press; Hobbs
et al., 2008).
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Chapter 5: The duration of sociosexual behaviors in male meadow voles Microtus
pennsylvanicus varies before, during, and after copulation

Abstract
The behaviors that surround copulation are characterized as sociosexual
behaviors. These behaviors displayed by males that are directed at females may include
allogrooming, wrestling, chasing, approach, and time spent together. The data supported
the hypothesis that the duration of sociosexual behaviors differs during the precopulatory, peri-copulatory, and post-copulatory phases of the mating bout in meadow
voles. Voles spent more time approaching conspecifics during the pre- and pericopulatory phases than during the post-copulatory phase. Voles spent more time
allogrooming, wrestling, and chasing during the pre-copulatory phase than during the
peri- and post-copulatory phases. Voles spent similar amounts of time together during the
pre-, peri-, and post-copulatory phases. The data suggest that sociosexual behaviors
displayed by males may be involved in setting the pace and temporal components of the
mating bout. During the pre-copulatory phase particular behaviors by male voles may
attract females, during the peri-copulatory phase some of these behaviors may stimulate
or motivate the female to mate, and during the post-copulatory phase certain behaviors
may prepare the male to mate again.

Introduction

Sociosexual behaviors are used by individuals to attract, show interest in, and
mate with opposite-sex conspecifics (Beach, 1976). For example, males may approach
females to indicate their willingness to mate with them (Clarke, 1956; Beyer et al., 1981;
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Thornton et al., 1991; Bercovitch et al., 2006; Alligood et al., 2009). Females may
approach and withdraw from male conspecifics, and if the male does not follow her, she
may again approach the male (Gavish et al., 1983; Bercovitch et al., 2006; Alligood et al.,
2009). These behaviors may be the first steps in the courtship behavior (Grant and
Mackintosh, 1963; Eisenberg, 1967; Dewsbury, 1972). Once attracted to a particular
male, female rodents may remain in close proximity to him (Eisenberg, 1967; Carter et
al., 1987). The sociosexual behaviors are likely to be involved in the pacing and temporal
components of the mating bout (Stopka and Macdonald, 1998, 1999). For example, the
duration of a male’s sociosexual behaviors are likely to differ, depending on where in the
copulation bout the male is at that time. During the pre-copulatory phase males may
spend much of their time trying to attract females by approaching them (Gray and
Dewsbury, 1975; Ferkin and Seamon, 1987; Witt et al., 1988, 1990; Bercovitch et al.,
2006). Approaches may also reduce aggression, heighten the sexual motivation between
opposite-sex conspecifics (Carter et al., 1987), and increase the amount of time that males
and females spend together, which may be necessary for them to initiate mating (Grant
and Mackintosh, 1963; Beach, 1976). During the peri-copulatory phase, sociosexual
behaviors may insure that females remain sexually receptive and that males are able to
complete the copulatory act and ejaculate (Mosig and Dewsbury, 1976; Alligood et al.,
2009). Thus, allogrooming, chasing, and time together may increase in duration
(Eisenberg, 1967; Dewsbury, 1972; Stopka and Graciasová, 2001; Soini, 2005). During
the post-copulatory phase, males may be preparing for the next pre-copulatory phase,
presumably with another female (Vaughn et al., 2010; Ferkin and Leonard, 2010). There
may be a decrease in approaches and the amount of time that the male and female remain
together.
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Sociosexual behaviors are likely to be involved in coordinating male-female
interactions (Beach, 1976; Soini, 2005). A behavior that has been identified as facilitating
encounters between opposite-sex conspecifics is self-grooming (Ferkin and Leonard,
2010), and has been studied recently in meadow voles Microtus pennsylvanicus. In that
study, male voles were found to differ in the amount of time that they spent selfgrooming different areas of their body before, during, and after coitus (Vaughn et al.,
2010). The results of this study suggest that other sociosexual behaviors displayed by
males and directed at females, such as allogrooming, wrestling, chasing, approaches, and
time together may also differ in their duration across the pre-, peri-, and post-copulatory
phases of a mating bout. If so, such findings would suggest that sociosexual behaviors
displayed by males may be involved in setting the pace and temporal components of the
mating bout. We tested the hypothesis that the duration of sociosexual behaviors differs
during the pre-copulatory, peri-copulatory, and post-copulatory phases of the mating
bout. We predicted that the behaviors that facilitate interactions with females, such as
naso-nasal approaches would occur with the greatest duration during the pre-copulatory
phase. During the peri-copulatory phase, behaviors that sustain contact and facilitate
coitus, such as naso-anogenital approaches, allogrooming, wrestling, chasing, and time
spent together, should have increased in duration. During the post-copulatory phase,
there should be a reduction in the duration of sociosexual behaviors, which along with no
coitus may indicate the end of the copulatory bout. Being able to facilitate and
coordinate male-female interactions would be especially important to meadow voles and
other species in which the male and female do not nest together, have infrequent
encounters, but mate with multiple partners and copulatory and reproductive success

71

among males is highly skewed (Boonstra et al., 1993; Andersson, 1994; Clutton-Brock,
1998; Berteaux et al., 1999; Birkhead, 2000; LaDage and Ferkin, 2008).

1 Materials and Methods
1.1 Animals
We used meadow voles that were descendants of those captured in Pennsylvania,
Kentucky, and Ohio, USA. Every 18–24 months, the voles in the colony were mated with
captured free-living voles. In this study, meadow voles were born and raised under long
photoperiod (14:10 h, L:D, lights on at 07:00 h CST). All voles were weaned at 19 days
of age, housed with littermates until 34 days of age, and thereafter housed singly in clear
plastic cages (27 × 16.5 × 12.5 cm). Cages contained bedding, cotton nesting material,
water, and food (Harlan Teklad Rodent Diet, #8640, Madison, WI, USA). Meadow voles
were housed in the animal facility at the University of Memphis. Female meadow voles
are induced ovulators and do not undergo regular estrus cycles (Milligan, 1982). Adult
female voles born and reared in long photoperiod are sexually receptive (Keller, 1985).
Long-photoperiod meadow voles respond preferentially to the scent marks of oppositesex conspecifics and readily mate with opposite-sex conspecifics (Meek and Lee, 1993;
Ferkin and Johnston, 1995; Vaughn et al., 2008). However, to insure that mating occurred
we injected female voles with 0.05 mg estradiol benzoate three days before pairing with a
male (Dewsbury and Baumgardner, 1981; delBarco-Trillo and Ferkin, 2004; Vaughn et
al., 2008, 2010). Voles used in this study were 120–150 days of age and sexually
experienced, having previously sired or delivered a litter at least 30 days before being
used in this experiment. None of the females, however, were pregnant or lactating when
used in the experiment.
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1.2 Testing Procedure
We established groups of male-female pairs. We used 51 male and 51 female
voles to create these pairs. All testing was conducted during the first 2 hours of the light
cycle (lights on at 07:00). We followed the procedures for pairing the males and females
described in delBarco-Trillo and Ferkin (2004, 2006a). Briefly, an estradiol-primed
female was introduced into a clean cage (37 ×21 × 15 cm) lined with clean bedding. The
focal male was introduced in the cage 5 min later. We video-taped the pairing with a
Sony Handycam connected to a JVC 4 Head VCR Combo Video Cassette Recorder. No
observer was present in the room during the recording of the male and female pair.
During these pairings, the male voles were allowed to reach sexual satiety, which occurs
when, after mating, there is a period of 30 min without any further copulation (Gray and
Dewsbury, 1975; delBarco-Trillo and Ferkin, 2004). We used the free software
Stopwatch+ (http://www.cbn-atl.org/research/stopwatch.shtml) to score the tapes.
During the pre-copulatory, peri-copulatory, and post-copulatory phases we
recorded selected sociosexual behaviors in male voles. We selected the following
behaviors because they are frequently observed in rodents (Clarke, 1956; Grant and
Mackintosh, 1963; Myers and Krebs, 1971; Dewsbury, 1972; Ferkin and Seamon, 1987),
and may support mating. Specifically, we recorded the amount of time males spent: (a)
directly interacting with the female outside of coitus; this included the time males spent
allogrooming females, the time males spent boxing/wrestling, and the time males spent
chasing the female; these behaviors were recorded if the males initiated them; (b) the
amount of time the male approached within 2 cm of the female but did not engage in
coitus and did not spend time in allogrooming, wrestling with, and chasing the female;
these approaches were subdivided according to the olfactory investigation by the male of
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the female’s face (naso-nasal approaches), the female’s anogenital area (naso-anogenital
area approaches), and other body regions of the female not including her head and
anogenital region (naso-other approaches); and (c) the time males and females spent
together sitting or lying side-by-side, and not involved in coitus or the other behaviors
listed above. These sociosexual behaviors are displayed by captive and free-living voles
(Clarke, 1956; Myers and Krebs, 1971; Tamarin, 1985; Ferkin and Seamon, 1987).
We measured the amount of time that male voles spent performing these
behaviors before (the pre-copulatory phase), during (the peri-copulatory phase), and after
copulation (the post-copulatory phase) in 51 trials. The pre-copulatory phase included the
10 min before the start of the first copulatory bout, unless mating occurred before that
time. The peri-copulatory phase included the time from the first ejaculation until 10
minutes after the first ejaculation or until the male started the second ejaculatory series.
Thus, the peri-copulatory phase consisted of the full inter-copulatory interval between the
first and the second ejaculatory series or the first 10 min of that inter-copulatory interval
if it lasted more than 10 min. The post-copulatory phase lasted for 10 min and was
recorded starting when the male and female were no longer engaged in coitus.

1.3 Statistics
We created a continuous variable for each sociosexual behavior we tested. This
variable was the quotient of the total amount of time that the male spent involved in that
behavior divided by the total time in that phase. Kolmogorov-Smirnov tests indicated that
the data were not normally distributed. Statistical analyses were performed using SPSS
16 for Windows. We then used the Friedman test to determine whether differences
existed in the sociosexual behaviors of male voles during the pre-copulatory, peri74

copulatory, or post-copulatory phases. We performed Wilcoxon sign ranks tests to
determine if differences existed between males in the amount of time they spent involved
in the sociosexual behaviors in the multiple paired comparisons. Statistically significant
differences were accepted at P < 0.05. All values reported in the figures are shown as
mean + SEM.

2 Results
2.1 Sociosexual behaviors across the pre-copulatory, peri-copulatory, and postcopulatory phases
Male meadow voles differed in the duration of their sociosexual behaviors
directed toward females during the pre-copulatory, peri-copulatory, and post-copulatory
phases. Males spent different amounts of time involved in allogrooming, wrestling, and
chasing females during the pre-copulatory, peri-copulatory, and post-copulatory phases
(χ2 = 23.19, P < 0.0005; Fig. 1). During the pre-copulatory phase, males spent more time
involved in allogrooming, wrestling, and chasing females than they did during the pericopulatory phase and the post-copulatory phase (P < 0.0005 for both comparisons). In
addition, males differed in the amount of time that they spent approaching the females
during the pre-copulatory, peri-copulatory, and post-copulatory phases (χ2 = 13.22, P =
0.001). Males spent more time approaching females during the pre-copulatory phase and
peri-copulatory phase than they did during the post-copulatory phase (P < 0.0005 for both
comparisons). Male voles, however, spent similar amounts of time in side-by-side contact
with female voles during the pre-copulatory, peri-copulatory, and post-copulatory phases
(χ2 = 5.65, P = 0.059).
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Fig. 1. The mean + SEM time (s) that male meadow voles spent during the precopulatory, peri-copulatory, and post-copulatory phases allogrooming, wrestling,
and chasing, approaching, and in side-by-side contact with a female. Bars capped
with asterisk(s) denote significant differences at: * p < 0.05; ** p < 0.01; *** p <
0.001.
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2.2 Sociosexual behaviors within the pre-copulatory, peri-copulatory, and postcopulatory phases
During the pre-copulatory, peri-copulatory, and post-copulatory phases, male
voles differed in the combined total time they spent engaged in allogrooming, wrestling,
and chasing females, in approaching females, and in side-by-side contact with female
voles (χ2= 72.15, P < 0.0005; Fig.1). Male voles, however, spent more time during the
pre-copulatory phase involved in allogrooming, wrestling, and chasing females than they
spent approaching females and engaged in side-by-side contact with females (P≤0.001
for all comparisons). During the pre-copulatory phase males spent more time approaching
females than they spent in side-by-side contact with females (Z = -4.23, P < 0.0005).
During the peri-copulatory phase, male voles spent different amounts of time
involved in sociosexual behaviors (χ2 = 97.52, P < 0.0005). Males spent more time in the
combined behaviors of allogrooming, wrestling, and chasing females than males spent in
side-by-side contact with females (Z = -2.43, P = 0.015). Males also spent more time in
side-by-side contact with females than they spent approaching females (Z=-1.97, P =
0.048).
Lastly, during the post-copulatory phase, males spent different amounts of time
involved in sociosexual behaviors (χ2= 72.97, P < 0.0005). When the total times were
combined, male voles spent similar amounts of time of allogrooming, wrestling, and
chasing female voles, approaching females, and in side-by-side contact with females (P <
0.0005 for all comparisons).
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2.3 Differences in naso-nasal, naso-anogenital and naso-other approaches across the
pre-, peri-, and post-copulatory phases
During the pre-copulatory phase, peri-copulatory phase, and post-copulatory
phase, male voles differed in the amount of time they spent in naso-nasal approaches,
naso-anogenital area approaches, and naso-other approaches (χ2 = 12.62, P = 0.002; Fig.
2). Males spent more time during the pre-copulatory phase and peri-copulatory phase
involved in naso-nasal approaches than they did during the post-copulatory phase (P <
0.01 for both comparisons). Males, however, spent similar amounts of time involved in
naso-nasal approaches during the pre-copulatory and peri-copulatory phases (Z = -0.449,
P = 0.654).
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Fig. 2. The mean + sem time (s) that male meadow voles spent during the pre-copulatory,
peri-copulatory, and post-copulatory phases displaying naso-nasal approaches,
naso-anogenital approaches, and naso-other approaches directed at a female. Bars
capped with asterisk(s) denote significant differences at: * p < 0.05; ** p < 0.01;
*** p < 0.001.
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Males spent different amounts of time when they approached the anogenital area
of females across the pre-copulatory, peri-copulatory, and post-copulatory phases (χ2 =
19.96, P < 0.0005). During the pre-copulatory phase, males spent more time involved in
naso-anogenital approaches than they did during the peri-copulatory and post-copulatory
phases (P < 0.0005 for both comparisons). During the peri-copulatory phase, males spent
more time involved in naso-anogenital approaches than they did during the postcopulatory phase (Z = -3.57, P < 0.0005).
Males spent different amounts of time approaching other body regions on females
(naso-other) across the pre-copulatory, peri-copulatory, and post-copulatory phases (χ2 =
6.19, P = 0.045). Male voles spent more time involved in approaching other body regions
on females during the peri-copulatory phase than they did during the pre-copulatory
phase (Z = -2.04, P = 0.041).

2.4 Differences in naso-nasal, naso-anogenital and naso-other approaches within the
pre-, peri-, and post-copulatory phases
During the pre-copulatory phase, males differed in the amount of time they spent
in naso-nasal approaches, naso-anogenital approaches, and naso-other approaches (χ2 =
35.92, P < 0.0005; Fig. 2). Males spent more time in naso-nasal approaches and nasoanogenital area approaches than they did in naso-other approaches (P < 0.0005 for both
comparisons). Likewise, during the peri-copulatory phase, males differed in the amount
of time they spent in naso-nasal approaches, naso-anogenital approaches, and naso-other
approaches (χ2 = 19.41, P < 0.0005; Fig. 2). Males spent more time in naso-nasal
approaches than in naso-anogenital approaches and naso-other approaches (P < 0.05 for
both comparisons). During the post-copulatory phase, males also differed in the amount
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of time they spent in naso-nasal approaches, naso-anogenital approaches, and naso-other
approaches (χ2 = 26.26, P < 0.0005; Fig. 2). Males spent more time in naso-nasal
approaches than in naso-anogenital approaches and naso-other approaches (P < 0.005 for
both comparisons).

3 Discussion
Male meadow voles displayed differences in the duration of the sociosexual
behaviors they directed toward females during the pre-copulatory phase, peri-copulatory
phase, and post-copulatory phase of the mating bout. It was not surprising to find that
males spent more time approaching females during the pre-copulatory phase and the pericopulatory phase than during the post-copulatory phase. Approaching a female vole
would allow a male vole to signal his interest in her. By doing so, males may learn more
about the willingness of these females to mate (Clarke, 1956; Eisenberg, 1967; Beyer et
al., 1981; Ferkin and Seamon, 1987; Thornton et al., 1991). Also during the precopulatory phase, male voles spent much time allogrooming, wrestling, and chasing the
female. Male woodrats that chased females more often had more copulations than did
males that did not chase females as often (Alligood et al., 2009). During the precopulatory phase, male voles also spent time approaching and investigating the nasal and
anogenital areas of the females. It is interesting, however, that male and female meadow
voles spent little time in side-by-side contact with one another during the pre-copulatory
phase. In contrast, in prairie voles, a monogamous species, males and females spend
much time in side-by-side contact prior to copulation (Carter et al., 1987; Insel et al.,
1997). We suggest that by spending little time in side-by side contact, male and female
meadow voles may proceed more quickly to the peri-copulatory phase and the post81

copulatory phase, which may shorten the duration of the copulatory bout. Our findings
support and augment the view that the prevalence of allogrooming, wrestling, chasing,
and approaches during the pre-copulatory phase are behaviors involved in courtship or
facilitating coitus (Clarke, 1956; Dewsbury, 1972; Stopka and Graciasová, 2001). It is
possible that the long duration of sociosexual behaviors during the pre-copulatory phase
may allow males and females to continually update their assessment of their potential
partner’s condition and quality to determine if mating should occur (Stopka and
Macdonald, 1998, 1999; Soini, 2005; Bercovitch et al., 2006; Ferkin and Leonard, 2010).
During the peri-copulatory phase males continued to approach and investigate the
nasal and anogenital areas of females. There was also an increase in the amount of time
male voles were involved in nasal-other investigation of female voles. Taken together,
the odors of male and female voles during the peri-copulatory phase may be stimulatory
to the participant, allowing them to continue to mate (Ferkin and Leonard, 2010). Male
meadow voles also spent time during the peri-copulatory phase allogrooming, wrestling,
and chasing the female. Since female voles may run away from males during copulation
(delBarco-Trillo and Ferkin, 2006b), these interactions may insure that males can
continue to mate until they finish their copulatory behavior, which is composed of several
ejaculations (Dewsbury, 1972; Gavish et al., 1983; Soini, 2005; delBarco-Trillo and
Ferkin, 2006b). Our data support and extend the hypothesis that sociosexual behaviors
during the peri-copulatory phase may prolong coitus to insure that the male ejaculates
and/or serve to stimulate the female to continue to be sexually receptive towards that
male (Gray and Dewsbury, 1975; Witt et al., 1988, 1990).
During the post-copulatory phase there was no difference in time male voles spent
in approaching females, allogrooming, wrestling, and chasing females, or in side-by-side
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contact with females. At this point, the current mating bout has been completed and male
meadow voles may be more interested in finding new potential mates rather than
attempting to mate again with a current mate (Andersson, 1994; Birkhead, 2000).
Similarly, the current female may no longer be interested in interacting or mating again
with that male vole (Ivy et al., 2005; LaDage and Ferkin, 2006; LaDage et al., 2008).
Studies on non-monogamous rodents, including meadow voles indicate that females
prefer to associate and mate with novel males rather than previous mates (Ferguson et al.,
1986; Shapiro et al., 1986). Our data are consistent with and augment the hypothesis that
during the post-copulatory phase, sociosexual behaviors may prepare males to mate with
another female (Hart et al., 1987; Sachs et al., 1988; Mooring et al., 1996; Ferkin and
Leonard, 2010).
Overall, our findings in male voles extend the view that sociosexual behaviors by
male mammals are involved in coordinating interactions with female conspecifics
(Beach, 1976; Soini, 2005) and establishing the pacing and temporal components of the
mating bout (Stopka and Macdonald, 1998, 1999). Thus, the amount of time that a male
spends involved in signaling his interest in that female by approaching her, spending time
in contact with her, and grooming her may differ between males in monogamous and
non-monogamous species. In monogamous species of mammals males may display
sociosexual behaviors that are relatively longer in duration and with greater frequency to
lengthen the copulatory bout to both reinforce the pair bond or as a form of mate
guarding among new pairs (Kleiman, 1977; Dewsbury, 1981), but not among established
pairs (Witt et al., 1988, 1990). It is possible, however, that in non-monogamous species
of mammals, including meadow voles (Madison, 1980; Boonstra et al., 1993), males
display sociosexual behaviors across the mating bout that are shorter in duration and have
83

fewer occurrences. This may allow such males to shorten the copulatory bout with a
particular female, and increase the amount of time that he has to locate and mate with
multiple females (Andersson, 1994; Clutton-Brock, 1998; Birkhead, 2000).
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Chapter 6: The presence and number of male competitor’s scent marks and female
reproductive state affect the response of male meadow voles to female conspecifics’
odours

Summary
Male mammals are attracted to the scent marks of sexually receptive female
conspecifics. Male voles spend more time investigating the scent marks of female voles
in postpartum estrus (PPE), a heightened state of sexual receptivity that occurs following
the delivery of a litter, compared to those of female voles that are not in PPE, but in a
moderate state of sexual receptivity. However, both types of females will attract male
conspecifics to deposit their scent marks near those deposited by these females. The
scent marks deposited by these males may indicate how many males have visited this
female, which may affect how attractive she is to other males. In the present study, we
exposed male meadow voles, Microtus pennsylvanicus, to the scent mark of a PPE
female and a female that was not in PPE, a reference female (REF female); the scent
marks of 0, 1 or 5 males were placed adjacent to the scent marks of these two female
scent donors. In doing so, we tested three hypotheses. The first hypothesis is males will
spend less time investigating the scent mark of a female that has more scent marks of
male conspecifics adjacent to it compared to that of a female that has fewer scent marks
of male conspecifics adjacent to it. The second hypothesis is the converse of the first
hypothesis. The third hypothesis is males will spend more time investigating the scent
mark of a PPE female than that of a REF female, independent of the number of scent
marks of other males adjacent to them. Overall, our data suggests that a combination of
factors may influence a male’s preference for the scent marks of potential mates. Most
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tests suggest that males will respond preferentially to a female if she has more male
suitors than another female, independent of the reproductive state of either female. If
however, the number of male suitors is the same for each female, males tend to prefer the
scent mark of the female that is in a more heightened state of sexual receptivity.

Introduction
Many terrestrial mammals use scent marks to convey information about their
sexual condition and signal their willingness to mate with opposite-sex conspecifics
(Johnston, 1983; McClintock, 2002; Roberts, 2007). In doing so, males may visit a
sexually receptive female conspecific and encounter the scent marks of males that have
also visited her (Thiessen & Rice, 1976; Brown & Macdonald, 1985). If scent marks are
adjacent to or overlap those of the female, males may be able to determine the number of
their rivals that have visited this female (Ferkin et al., 2005, 2008a). In some species, in
which females and males copulate with multiple partners (Dewsbury, 1982; Birkhead &
Møller, 1998; Birkhead, 2000), it is likely that the female may have already mated with
one or more of the males that deposited their scent marks near her scent mark. The scent
marks of other males near a sexually receptive female may be a signal to nearby male
conspecifics that affects his behavior towards that female (Dugatkin, 1992; delBarcoTrillo & Ferkin, 2004; Vaughn et al., 2008, 2010, 2011).
Males may use this social information, particularly from the presence of scent
marks of other males, to assist them in selecting females as mates (Valone & Templeton,
2002; Valone, 2007). Such information could induce males to avoid a female that has
attracted a number of male suitors. Such a female may have mated with these suitors,
which may increase the likelihood of sperm competition for the next male (Parker et al.
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1996, 1997; Birkhead, 2000), and cause the male to increase the amount of sperm he
allocates in his ejaculate (delBarco-Trillo & Ferkin, 2006; Vaughn et al., 2008). An
alternative possibility is that social information, such as the number of males present or
the reproductive state of the female, may induce males to become more attracted to a
female that has many suitors. This behavior is known as mate copying (Dugatkin, 1992),
and for the most part has been studied from the perspective of females selecting males as
mates that they have observed with other females (Witte & Massmann, 2003; Brown &
Fawcett, 2005; Godin et al., 2005; Swaddle et al., 2005; Galef et al., 2007). Currently,
we do not know how widespread mate copying is for males and whether males choose
females that have more suitors compared to females that have fewer suitors.
In addition to social information gleaned from the scent marks of competitors,
males may also choose a female based on the information about her current reproductive
state that is conveyed in her scent marks. This information is important because there are
female mammals, such as voles that do not undergo regular estrous cycles (Milligan,
1982) and the reproductive condition and sexual receptivity of females varies. Female
voles may be pregnant, lactating, pregnant and lactating, in postpartum estrus or not in
postpartum estrus (Keller, 1985). Postpartum estrus (PPE) is the first period of sexual
receptivity following delivery of the young (Conaway, 1968; Dryden, 1969; Gilbert et al.,
1980; Connor & Davis, 1980a, b; Gilbert, 1984; Dewsbury, 1990; Rudd, 1994), and lasts
up to 24 h (Keller 1985). Studies on a variety of mammals have shown that males are
more attracted to the scents produced by conspecific PPE females than they are to the
scents produced by conspecific females that are not in PPE (Zeigler et al., 1993; Ferkin &
Johnston, 1995a; Lazaro-Perea et al., 1999; Ferkin et al., 2008b). The preference for the
scent marks of PPE females may benefit males, particularly in non-monogamous species,
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in that PPE females are more likely to mate, require males to have fewer ejaculations,
which reduces their sperm allocation, and are more likely to get pregnant compared to
females that are not in PPE (Dewsbury, 1979, 1990; Gilbert et al., 1980; Bean & Estep,
1981; Hedricks & McClintock, 1985; delBarco-Trillo & Ferkin, 2007). A consequence
of the preference for PPE females is that many males may visit a PPE female and leave
their scent marks near her nest (Ferkin et al., 2008b). This situation would intensify if the
females mated with multiple males, as they do among meadow voles, Microtus
pennsylvanicus (Boonstra et al., 1993; Berteaux et al., 1999). Consequently, in a species
like meadow voles, many males may visit a PPE female and encounter the scent marks of
males that have also visited her (Ferkin et al., 2004). The presence of scent marks of
other males may affect the amount of time that a male investigates her scent mark, which
in turn, may affect whether or not he chooses to seek out this female as a possible mate.
In this study, we determined whether males use social information conveyed by
the presence of scent marks of other males to affect the amount of time that they spend
investigating the scent marks of potential mates. We selected meadow voles as the focal
species because males occupy large overlapping home ranges that encompass the
territories of one or more females (Madison, 1980). Males and females mate with
multiple partners and males will mate with females that are in moderate and heightened
states of sexual receptivity (Keller, 1985; Boonstra et al., 1993; Berteaux et al., 1999), but
they prefer PPE females (Ferkin & Johnston, 1995a; Ferkin et al., 2004; Ferkin, 2006).
Thus, it is likely that male voles may encounter the scent marks of male conspecifics that
are adjacent to the scent mark of a PPE female.
We tested three hypotheses to determine how male meadow voles respond to
females that have the scent marks of males adjacent to their scent mark. The first
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hypothesis is males will spend less time investigating the scent mark of a female that has
more scent marks of male conspecifics adjacent to it compared to that of a female that has
fewer scent marks of male conspecifics adjacent to it. The second hypothesis is the
converse of the first hypothesis. The third hypothesis is males will spend more time
investigating the scent mark of a PPE female than that of sexually receptive female that
was not in PPE, a reference female (REF female), independent of the number of scent
marks of other males adjacent to them. We tested these hypotheses by exposing male
voles to the scent mark of a PPE female and that of a REF female; the scent marks of
these two female scent donors had the scent marks of 0, 1 or 5 males adjacent to them.

Materials and methods
Animals
We used meadow voles that were descendants of those captured in Pennsylvania,
Kentucky, and Ohio, USA. In this study, meadow voles were born and raised under a
long photoperiod (14:10 h, L: D, lights on at 0700h CST). All voles were weaned at19
days of age, housed with littermates until 34 days of age, and thereafter housed singly in
clear plastic cages (27 x 16.5 x 12.5 cm, l x w x h). Cages contained cotton nesting
material, water, and food (Harlan Teklad Rodent Diet, #8640, Madison, WI, USA). All
voles used in these experiments were between 4 and 9 mo-old, and had sired or reared
offspring.
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Experiment 1: Male subjects investigate the scent marks of PPE versus REF females
adjacent to varying numbers of male scent marks.
Methods
Three weeks before being used in the experiment, we paired adult males with
female voles in large, clear cages (30 x 24 x 14.5 cm, l x w x h) to provide female scent
donors that would eventually enter postpartum estrus. We removed the males from these
cages 72 h after pairing to increase pregnancy success (McGuire et al., 1992; Ferkin &
Johnston, 1995a; Ferkin et al., 2008b). Gestation lasts 20-21 d in meadow voles (Keller,
1985). We began for checking litters three times daily (0800, 1500, and 2100 h), 18 days
after the females were paired with a male. Females who gave birth were used as scent
donors when they were in postpartum estrus. Postpartum estrus occurs immediately after
parturition and lasts up to 24 h (Lee & Horvath, 1969; Keller, 1985; Ferkin & Johnston,
1995a; Ferkin et al., 2008b). Scent donors were 16 PPE females and an additional 16
females that were not paired with a male during this study. These 16 REF females were
sexually mature and sexually experienced, and, because they were reared in long
photoperiod, moderately sexually receptive (Meek & Lee, 1993). The REF females were
not pregnant and not lactating, and will readily mate within a few hours of being paired
with a male (Vaughn et al., 2008). REF females had been housed singly for three weeks
prior to the onset of the experiments. In contrast, PPE females, which are in heightened
states of sexual receptivity, will mate within minutes of being paired with a male (Keller,
1995). We used 108 male voles as subjects and male scent donors in this study. The
males were sexually mature and experienced, having sired at least one litter. The males
were housed singly for at least three weeks before the experiment began and were not
paired with a female during that time.
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Testing procedure
The trials took place in the males’ home cage. All subjects underwent a single
preference test with a unique pair of scent donors. We followed the methods for
determining odour preferences that were employed by Ferkin & Johnston (1995a).
Briefly, we presented male voles with a slide (see above) that contained the anogenital
area scent marks of two female conspecifics. Male subjects were tested in one of nine
experimental conditions; there were 12 different males tested in each condition. The
same males were not tested in multiple experimental conditions. In each condition, male
voles were exposed to a clear acrylic slide (2.7 cm wide x 10.83 cm long) that contained
the scent mark of a PPE and the scent mark of a REF female; the scent marks of one or
both of these females was or was not surrounded by the scent marks of male conspecifics.
The nine experimental conditions arose from the possible combinations of the scent mark
of a PPE female with 0, 1 or 5 scent marks of males versus the scent mark of a REF
female with 0, 1 or 5 scent marks of males (Table 1). We recorded continuously for 3 min
the amount of time that male subjects licked or sniffed (the subject’s nose came within 2
cm) the sections of the slide containing the scent marks and middle section of the slide
(Ferkin & Johnston, 1995a). The observer was blind to reproductive state of the female
donors and to the number of male scent marks on both ends of the slides. Each test slide
was used once and then discarded. The experimenter wore disposable nitrile gloves to
minimize human scent transfer to the slide.

Preparation of the test slide
Anogenital area scent marks are sexually discriminable and deposited by voles
when they scent mark (Ferkin & Johnston, 1995a; Ferkin et al., 2004). We divided the
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glass slide into three equal sections (each section was 3.61 cm in length); one end section
of the slide contained the anogenital area scent mark of a REF female, the other end
section contained the anogenital area scent mark of a PPE female. The middle section of
the slide contained no scent marks. To deposit the scent marks on the slide, we gently
rubbed one of the end sections of the slide against the anogenital area of one of the
female donors for 3-5 s; we rubbed the anogenital area of the other female donor across
the other end section of the same slide. The anogenital area scent mark is likely to
contain a mixture of odours from the urine, feces, and vagina (for females) and penis (for
males) and possibly sebaceous or apocrine glands (Ferkin & Johnston, 1995a). One min
separated the deposition of the scent marks of the two donors on the slide. The
placement of a particular female donor’s scent mark on the left or right side of the slide
was random. The scent marks of the females were roughly the same size, approximately
1.2 cm x 0.3 cm (l x w). We collected fresh anogenital area scent marks for each test.
After the scent marks of both females were placed on the slide, we waited 5 min
before we placed the anogenital area scent marks of the male scent donors on the slide,
surrounding the scent marks of the female donors. The scent marks of the males were
approximately 0.5 cm x 0.2 cm (l x w) and placed within 5 mm of the scent mark of that
female donor and other males. The scent marks of male donors did not overlap one
another nor did they overlap or touch the scent marks of the female donors. The slide
was suspended in the home cage of the male subject five min after the scent marks of the
male donors were placed on the slide.
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Statistics
The data were not normally distributed, thus we used Wilcoxon Signed Ranks
tests to assess statistical differences in the amount of time that subjects investigated the
scent marks of the two scent donors in each treatment group (SPSS Version 16).
Significant differences were accepted at p < 0.05. To be included in the data analysis,
subjects had to have spent more time investigating the scent marks of the two donors than
they did investigating the clean portion of the slide (Ferkin and Johnston, 1995a, b).

Experiment 2: Male subjects investigate the scent marks of PPE or REF females adjacent
to varying numbers of males scent marks.
Methods
PPE were obtained in the same way as described in Experiment 1. Scent donors
were 5 PPE females and 5 REF females. We used 24 male voles as subjects and male
scent donors in this study. The preparation of the test slide and the statistical methods
followed the methods detailed in Experiment 1.
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Table 1
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Testing procedure
Male subjects were tested in one of two experimental conditions; there were 12
different males tested in each condition. In each condition, male voles were exposed to a
glass slide that contained either the scent mark of two PPE females or the scent mark of
two REF females; the scent marks of these females were surrounded by the scent marks
of male conspecifics. The two experimental conditions were: (1) the scent mark of a REF
female + the scent marks of 5 males versus the scent mark of a REF female + the scent
mark of one male and (2) the scent mark of a PPE female + the scent marks of 5 males
versus the scent mark of a PPE female versus the scent mark of one male.

Experiment 3: Male subjects investigate the scent marks of males when no females are
present.
Methods
We used 48 male voles as subjects and male scent donors in this study. The
statistical methods followed those described in Experiment 1. The preparation of the test
slide and the statistical methods followed the methods detailed in Experiment 1, except
the test slide did not contain the scent marks of female donors.

Testing procedure
Male subjects were tested in one of four experimental conditions; there were 12
different males tested in each condition. In each condition, male voles were exposed to a
glass slide that contained scent marks of males. The four experimental conditions were:
(1) the scent mark of one male versus the scent mark of one male; (2) the scent mark of 5
males versus the scent mark of 5 males; (3) the scent mark of 5 males versus the scent
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mark of 1 male; and (4) the scent marks of 5 different males versus the 5 scent marks of
the same male.

Results
Experiment 1
The results of Wilcoxon signed ranks tests revealed that male voles spent more
time investigating the scent mark of the PPE female with 0 scent marks of a male
adjacent to it than that of a REF female with 0 scent marks of a male adjacent to it (z = 3.059, df = 11, p = 0.002; Figure 1). Males also spent more time investigating the scent
mark of a PPE female with the scent mark of 1 male adjacent to it than that of a REF
female with 0 scent marks of a male adjacent to it (z = -2.750, df = 11, p = 0.006; Figure
1). Male voles spent similar amounts of time investigating the scent mark of a PPE
female with 0 scent marks of a male adjacent to it and that of a REF female with a scent
mark of 1 male adjacent to it (z = -0.471, df = 11, p = 0.638; Figure 1). Males spent more
time investigating the scent mark of a PPE female with the scent marks of 5 males
adjacent to it than that of a REF female with 0 scent marks adjacent to it (z = -2.275, df =
11, p = 0.023; Figure 1). Male voles, however, spent more time investigating the scent
mark of a REF female with the scent marks of 5 males adjacent to it than that of a PPE
female with 0 scent marks of a male adjacent to it (z = -2.825, df = 11, p = 0.005; Figure
1). Male voles spent similar amounts of time investigating the scent mark of a PPE
female with the scent mark of 1 male adjacent to it and that of a REF female with the
scent mark of 1 male adjacent to it (z = -0.392, df = 11, p = 0.695; Figure 1). In contrast,
male voles spent more time investigating the scent mark of a PPE female with the scent
marks of 5 males adjacent to it than that of a REF female with the scent marks of 5 males
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adjacent to it (z = -2.355, df= 11, p = 0.019; Figure 1). Males also spent more time
investigating the scent mark of a PPE female with the scent marks of 5 males adjacent to
it than that of a REF female with the scent mark of 1 male adjacent to it (z = -2.433, df =
11, p = 0.015; Figure 1). Males, however, spent more time investigating the scent mark
of a REF female with the scent marks of 5 males adjacent to it than that of a PPE female
with the scent mark of 1 male adjacent to it (z = -1.961, df = 11, p = 0.050; Figure1). No
subjects were excluded from the data analysis in this experiment and in experiments 2
and 3.
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Figure 1. The mean + sem time (seconds) that male meadow voles exposed to the nine
different experimental conditions spent investigating the scent marks of PPE
females or the scent mark of REF females. There were 12 different male
subjects used in each of the nine experimental conditions. Histograms capped
with asterisk(s) (* = p < 0.05, ** = p < 0.01, *** p < 0.001) denote significant
differences in paired Wilcoxon signed ranks tests.
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Experiment 2
Male voles spent more time investigating the scent mark of a REF female with the
scent marks of 5 males adjacent to it than that of a REF female with the scent mark of 1
male adjacent to it (z = -2.432, df = 11, p = 0.015; Figure 2). Male voles also spent more
time investigating the scent mark of a PPE female with the scent marks of 5 males
adjacent to it than that of a PPE female with the scent mark of 1 male adjacent to it (z = 2.667, df = 11, p = 0.008; Figure 2).
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Figure 2. The mean + sem time (seconds) that male meadow voles exposed to the two
experimental conditions spent investigating the scent marks of PPE females
and the scent marks of REF females. There were 12 different male subjects
used in each of the nine experimental conditions. Histograms capped with
asterisk(s) (*= p < 0.05, ** = p < 0.01, *** p < 0.001) denote significant
differences in paired Wilcoxon signed ranks tests.
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Experiment 3
Male subjects spent similar amounts of time investigating the scent mark from 1
male donor compared to that of a scent mark of another male donor (z = -0.784, df = 11,
p = 0.433; Figure 3). Male subjects also spent similar amount of time investigating the
scent marks of 5 males compared to that of the scent marks of 5 other males (z = -0.078,
df = 11, p = 0.937; Figure 3). However, males spent more time investigating the scent
marks of 5 males than that of the scent mark of 1 male (z = -3.059, df = 11, p = 0.002;
Figure 3). In addition, male subjects spent more time investigating the scent marks of 5
different males than that of 5 scent marks of the same male (z = -2.433, df = 11, p =
0.015; Figure 3).
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Figure 3. The mean + sem time (seconds) that male meadow voles exposed to the four
different experimental conditions spent investigating the scent mark from
males. There were 12 different male subjects used in each of the experimental
conditions. Histograms capped with asterisk(s) (* = p < 0.05, ** = p < 0.01,
*** p < 0.001) denote significant differences in paired Wilcoxon signed ranks
tests.
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Discussion
Our results of Experiments 1 and 2 showed that males spent more time
investigating the scent mark of a female adjacent to the scent marks of more males than
the scent mark of a female adjacent to the scent marks of fewer males, supporting the
second hypothesis, and suggesting that the presence of the scent marks of rival males
may increase the interest of that male for that female or somehow increases the
attractiveness of her scent mark to him. The fact that males spent more time with the
scent marks of REF females adjacent to the scent marks of five males compared to the
time that males spent investigating the scent mark of PPE females with the scent marks of
zero or one male adjacent to it, offers the possibility that male voles may choose a
female, independent of her reproductive state that has been visited by many males. Such
a preference for a female, although she may not be in PPE, is similar to mate copying by
females in other species when they select lower quality males that have been observed
with a female over higher quality males that have been alone (Dugatkin, 1992; Schlupp &
Ryan, 1997; Nordell & Valone, 1998; Witte & Massmann, 2003; Brown & Fawcett,
2005; Godin et al., 2005; Swaddle et al., 2005; Galef et al., 2007). Given that female
meadow voles mate multiply (Boonstra et al., 1993), it is likely that a female that has
scent marks of males adjacent to her own scent mark may have already mated with one or
more of these nearby males. Males that choose to mate with these “popular” females
could become involved in sperm competition with males that may have scent marked
near that female (Parker et al., 1996, 1997; delBarco-Trillo & Ferkin, 2004). This may be
costly to male meadow voles in that the scent marks of male conspecifics near a sexually
receptive female are sufficient to induce copulating males to increase their sperm
investment, which may reduce the amount of sperm they can invest in the next female
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(delBarco-Trillo & Ferkin, 2004, 2006; Pound & Gage, 2004; Vaughn et al., 2008).
However, males that choose these popular females may reduce the amount of time that
they have to spend determining if she is sexually receptive and in courtship (Dugatkin,
1992).
The results of Experiment 3, however suggest that the scent marks of other males
influence the response of investigating males, and that the presence of females (as seen in
the first two experiments), may not be the sole factor that affects the response of a male.
For example, male subjects spent more time investigating the scent marks of five males
compared to the scent mark of one male. In addition, males spent more time
investigating the scent marks of five different males than five scent marks of the same
male. Taken together, these results open up the possibility that males spent more time
investigating multiple scent marks because it takes longer for them to process or use
social information from multiple males (Ferkin et al., 2011). Alternatively, males may be
attracted to the larger numbers of scent marks because they represent a stronger stimulus
than would a smaller number of scent marks, akin to some type of sensory bias (Ryan &
Rand, 1993; Endler & Basolo, 1998; Seeba et al., 2010), in which a greater number of
scent marks may be more attractive than fewer scent marks. Lastly, it is possible that a
male’s preference for a larger number of scent marks over a smaller number of scent
marks may be attributed to their capacity for relative numerousness and their ability to
select more items from less items (Ferkin et al., 2005, 2008a).
Although much of our data are best explained by the second hypothesis, some of
the data are better explained by aspects of the third hypothesis that states that males
should respond preferentially to the scent marks of a PPE female to those of a female that
is not in PPE, in this case a REF female. We found that male voles spent more time
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investigating the scent mark of the PPE female to that from the REF female when the
scent marks of both females were adjacent to either zero scent marks of males or were
both adjacent to the scent marks of five males. Previous work has shown that male voles
respond preferentially to the scent marks of PPE females to those of females in other
reproductive states (Ferkin & Johnston, 1995a; Ferkin et al., 2004; 2008b; Ferkin, 2006).
It may be beneficial for male voles to be attracted to the scent marks of a PPE female.
PPE females are in heightened sexual receptivity, require a shorter copulatory bout, and
are more likely to become pregnant than are females in other reproductive states (Connor
& Davis, 1980b; Gilbert, 1984; delBarco-Trillo & Ferkin, 2007). Males should get a
bigger payoff in reproductive success when they locate and mate with a PPE female
(Gilbert, 1984; Ferkin et al., 2008b). Our data suggest that when only female
reproductive state differs, males choose to spend more time investigating the scent marks
of females in a heightened state of sexual receptivity.
Overall, our data indicate that a combination of factors may influence a male’s
preference for the scent marks of potential mates. It seems that this preference may be
guided by two simple rules of thumb: select a female if she has more male suitors than
another female, independent of the reproductive state of either female. If however, the
number of male suitors is the same for each female, select the female that is in a more
heightened state of sexual receptivity.
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Chapter 7: Conclusion
One strategy that male voles use to assess the risk and intensity of sperm
competition involves responding to the presence of scent marks of conspecific males
found near a sexually receptive female (Salo and Dewsbury 1995). The aim of Chapter 1
was to test the hypothesis that males assess differences in the relative quality of
competing males and adjust their sperm investment accordingly. The data indicate that
male meadow voles did not increase their sperm investment during copulation when
exposed to the scent mark of a food-deprived male, but males did so when they were
exposed to the scent mark of a male that was not food deprived. The results support the
hypothesis that male voles are able to adjust sperm investment when they encounter the
scent marks of males that differ in quality.
The results from Chapter 1 (Vaughn et. al 2008), lead us into the next study. In
Chapter 2, we hypothesized that newly re-fed male scent donors will induce stud males to
increase their sperm allocation to amounts similar to those of when they were exposed to
males that were not previously food-deprived. It took between 96 and 336 hours of refeeding male scent donors that were food deprived for 24 hours to induce stud males to
increase their sperm allocation to levels comparable to when scent donors were not food
deprived. Stud male voles may be conserving the amount of sperm allocated until the
male scent donors have recovered from food deprivation and subsequent re-feeding.
Additionally, meadow voles self-groom before, during, and after copulation,
which may convey olfactory information to nearby conspecifics (Thiessen 1977; Spruijt
et al. 1992; Ferkin and Leonard 2005, 2010). In Chapter 3, we tested the hypothesis that
the presence of scent marks of other males near a sexually receptive female affects the
self-grooming behavior of males that encounter them. The amount of time male voles
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self-groomed was not affected by the risk or intensity of sperm competition. We also
tested the hypothesis that self-grooming behavior of males differed depending on whether
it was performed before, during, or after copulation. Male voles differed in the amount of
time and the location on their body that they self-groomed before, during, and after
copulation.
The behaviors that surround copulation are characterized as sociosexual behaviors
(Beach 1976). In Chapter 4, data supported the hypothesis that the duration of
sociosexual behaviors differs during the pre-copulatory, peri-copulatory, and postcopulatory phases of the mating bout in meadow voles. The data suggest that sociosexual
behaviors displayed by males may be involved in setting the pace and temporal
components of the mating bout. During the pre-copulatory phase particular behaviors by
male voles may attract females, during the peri-copulatory phase some of these behaviors
may stimulate or motivate the female to mate, and during the post-copulatory phase
certain behaviors may prepare the male to mate again.
Male voles spend more time investigating the scent marks of female voles in
postpartum estrus (PPE) compared to those of female voles that are not in PPE, but in a
moderate state of sexual receptivity (Ferkin and Johnston 1995). We tested three
hypotheses in Chapter 5. Overall, our data suggest that a combination of factors may
influence a male’s preference for the scent marks of potential mates. Most tests suggest
that males will respond preferentially to a female if she has more male suitors than
another female, independent of the reproductive state of either female. If however, the
number of male suitors is the same for each female, males tend to prefer the scent mark
of the female that is in a more heightened state of sexual receptivity.
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